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ࡣࡌࡵ࡟
 
ᮏㄽᩥࡣࠊࠕࣃ࣮࢚࣡ࣞࢡࢺࣟࢽࢡࢫࢆᑐ㇟࡜ࡍࡿࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࠖࢆ㛤Ⓨ
ࡍࡿࡓࡵ࡟ᚲせ࡞⌮ㄽ࡜ᐇ⿦ᢏ⾡࡟㛵ࡍࡿ◊✲ࢆグࡋࡓࡶࡢ࡛࠶ࡿࠋ 
 
ไᚚᑐ㇟ࡢᣲືࢆ᳨ฟࡋࠊᡤᮃࡢ≧ែ࡬ᑟࡃࣇ࢕࣮ࢻࣂࢵࢡไᚚࡣࠊᵝࠎ࡞ศ㔝࡛♫఍
ࢆᨭ࠼ࡿᇶᖿᢏ⾡࡛࠶ࡿࡀࠊࡇࢀࢆ㛤Ⓨࡍࡿ࡟࠾࠸࡚ࡣࠊไᚚᑐ㇟ࢆᐇ㦂ᶵᮦ࡜ࡋ࡚ᚲせ
࡜ࡍࡿ࡜࠸࠺ᮏ㉁ⓗ࡞ၥ㢟ࡀ࠶ࡿࠋࡋ࠿ࡋ࡞ࡀࡽ㛤Ⓨẁ㝵ࡢ୙᏶඲࡞ࢥࣥࢺ࣮ࣟࣛࢆ⏝࠸
࡚ไᚚࢆ⾜࠺஦ࡣไᚚᑐ㇟ࡢ◚ቯ➼ࡢࣜࢫࢡࢆక࠺ࡓࡵࠊไᚚᑐ㇟ࡢ௦᭰ࢆ⾜࠺ࣜ࢔ࣝࢱ
࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࢆά⏝ࡍࡿ஦ࡣࠊ௒᪥࡛ࡣᖖ㆑࡜ࡉࢀ࡚࠸ࡿࠋ 
ࣃ࣮࢚࣡ࣞࢡࢺࣟࢽࢡࢫࡢศ㔝࡟࠾࠸࡚ࡶࠊ⤌ࡳ㎸ࡳ⏝࣐࢖ࢡࣟࣉࣟࢭࢵࢧࡢ㐍Ṍ࡟ࡼ
ࡾࠊ㏆ᖺ࡛ࡣࢯࣇࢺ࢙࢘࢔࡟ࡼࡿ」㞧࡛㧗ᗘ࡞ࣇ࢕࣮ࢻࣂࢵࢡไᚚࡀ⾜ࢃࢀࡿࡼ࠺࡟࡞ࡾࠊ
ࡑࡢไᚚ㛤Ⓨࡢຠ⋡໬ࢆᅗࡿࡓࡵ࡟ࠊࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡢᚲせᛶࡀ㠀ᖖ࡟㧗ࡲ
ࡗ࡚ࡁ࡚࠸ࡿࠋࡲࡓࠊไᚚᑐ㇟࡜ࡋ࡚㧗㟁ᅽ㸭኱ᐜ㔞ࡢ㟁ຊᅇ㊰ࢆ౑⏝ࡍࡿሙྜࡣࠊไᚚ
㛤Ⓨ᫬࡟ᐇᶵࢆ⏝࠸ࡿࡇ࡜ࡣᏳ඲ᛶࡢほⅬ࠿ࡽࡶᴟࡵ࡚ᅔ㞴࡛࠶ࡿࡓࡵࠊࣜ࢔ࣝࢱ࢖࣒࣭
ࢩ࣑࣮ࣗࣞࢱࡣ୙ྍḞ࡛࠶ࡿࠋ 
ࡋ࠿ࡋࠊࣃ࣮࢚࣡ࣞࢡࢺࣟࢽࢡࢫศ㔝࡟࠾࠸࡚ࡣࠊୗグ࡟㏙࡭ࡿไᚚ࿘ᮇࡢၥ㢟࡞࡝࡟
ࡼࡾࠊ༑ศ࡞ᛶ⬟ࢆᣢࡘࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡣ࠸ࡲࡔᐇ⌧ࡉࢀ࡚࠾ࡽࡎࠊࡇࢀࢆ
㛤Ⓨࡍࡿ஦ࡣࠊࡇࡢศ㔝ࡢไᚚࢯࣇࢺ࢙࢘࢔㛤Ⓨࢆ኱ࡁࡃ๓㐍ࡉࡏࠊࡼࡾ」㞧࡞ไᚚࢆࠊ
ᶵჾࡢ◚ቯࡸⅆ⅏࡞࡝ࣜࢫࢡ࡞ࡋ࡟ࠊࡼࡾຠ⋡ⓗ࡟⾜࠺஦ࢆྍ⬟࡜ࡍࡿࡶࡢ࡛࠶ࡿࠋ 
 
ࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱ࡜ࡣࠊୖグࡢࡼ࠺࡟ࣇ࢕࣮ࢻࣂࢵࢡไᚚࡢࢥࣥࢺ࣮ࣟࣛࡢ
㛤Ⓨ࡟⏝࠸ࡽࢀࠊᐇไᚚᑐ㇟ࢆ⏝࠸࡚㛤Ⓨࡸ᳨ドࢆ⾜࠺ࡇ࡜ࡀᅔ㞴࡞ሙྜ࡟ไᚚᑐ㇟ࢆ௦
᭰ࡍࡿ⿦⨨࡛࠶ࡿࡀࠊ௒᪥࡛ࡣࠊไᚚᑐ㇟ࢆᚤศ᪉⛬ᘧ࡛⾲ࡋࠊࢹࢪࢱࣝィ⟬ᶵࢆ⏝࠸࡚
ࣜ࢔ࣝࢱ࢖࣒࡟᪉⛬ᘧࢆィ⟬ࡍࡿ஦࡛ᐇ⌧ࡉࢀ࡚࠸ࡿࠋࣜ࢔ࣝࢱ࢖࣒࡜ࡣࠊᚤศ᪉⛬ᘧࢆ
ィ⟬ࡍࡿ࡟ᙜࡓࡾࠊ᪉⛬ᘧࡀᣢࡘ᫬㛫㍈࡜ྠ୍ࡢ᫬㛫㍈࡛ィ⟬⤖ᯝࢆฟຊࡍࡿ஦࡛࠶ࡿࠋ
ࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࢆᐇ⌧ࡍࡿ࠺࠼࡛ࡢ᭱኱ࡢㄢ㢟ࡀࠊࡇࡢ㧗㏿࡞ィ⟬ࡢᐇ⌧࡟
࠶ࡿࠋ 
 ࣃ࣮࢚࣡ࣞࢡࢺࣟࢽࢡࢫࡢศ㔝࡛ࡣࠊᅇ㊰ࢩ࣑࣮ࣗࣞࢱ࡜ࡋ࡚ࡣࠊᅇ㊰ືసࡢ᳨ドࢆ⾜
࠺ᅇ㊰ࢩ࣑࣮ࣗࣞࢩࣙࣥࢯࣇࢺ࢙࢘࢔ࡀ୍⯡ⓗ࡛࠶ࡿࡀࠊࡇࡢࡼ࠺࡞ᅇ㊰ࢩ࣑࣮ࣗࣞࢩࣙ
ࣥࢯࣇࢺ࢙࢘࢔࡜ࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࢆẚ࡭ࡓሙྜࠊࠕࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞ
ࢱࡣࠊࢥࣥࢺ࣮ࣟࣛ࡟ᑐࡋ࡚ࠊไᚚᑐ㇟ࡢ௦᭰ࢆ⾜࠺ࡶࡢ࡛࠶ࡾࠊไᚚᑐ㇟ࠊࡍ࡞ࢃࡕᅇ
㊰ࡢືసࡢ᳨ドࢆ⾜࠺ࡶࡢ࡛ࡣ࡞࠸ࠖ࡜࠸࠺Ⅼ࡟࠾࠸࡚ࠊ᰿ᮏⓗ࡟┠ⓗࢆ␗࡜ࡍࡿ⿦⨨࡛
࠶ࡿࠋᚑࡗ࡚ࠊࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࠖࢆ⏝࠸࡚ࠊᅇ㊰ࡢᦆኻࡸຠ⋡࡞࡝ࢆ᳨ウࡍ
ࡿ஦ࡣ㐺ᙜ࡛ࡣ࡞࠸ࠋ 
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⿦ᚚไࠊࡽ࠿ࡿ࠶࡛⨨⿦ࡿࡍࢆ᭰௦ࡢ㇟ᑐᚚไࠊࡣࢱ࣮࣑ࣞࣗࢩ࣭࣒࢖ࢱࣝ࢔ࣜࠊࡓࡲ
≀࡜⨨⿦ᚚไࠊࡣࢱ࣮࣑ࣞࣗࢩ࣭࣒࢖ࢱࣝ࢔ࣜࠊ࡚ࡗᚑࠋࡿࢀࡉ⏝౑࡚ࢀࡉ⥆᥋᥋┤࡜⨨
࡛࣒࢖ࢱࣝ࢔ࣜࡣຊฟ⟬ィ࠼ࡺࢀࡑࠊࡋ᭷ࢆ⨨⿦㸧O/I㸦ຊฟධࡿࡍࡾ࡜ࡾࡸࢆྕಙ࡞ⓗ⌮
ࢺࣇࢯࣥࣙࢩ࣮࣑ࣞࣗࢩ㊰ᅇࠊࡓࡲࡶ࡚࠸࠾࡟Ⅼࡘᣢࢆ⨨⿦O/Iࠊࡓࡲࠋ࠸࡞ࡽ࡞ࡤࢀࡅ࡞
 ࠋࡿ࠶࡛ࡢࡶࡿ࡞␗ࡣ࡜࢔࢙࢘
ࣜࠊࡣ࡚࠸࠾࡟Ⓨ㛤ࡢ࣮ࣛࣟࢺࣥࢥࡿࡅ࠾࡟㔝ศࡢ⣔Ეᶵࡢ➼㌴ື⮬ࡸᐂᏱ✵⯟ࠊᅾ⌧
ࢡࢽࣟࢺࢡ࢚࣮ࣞ࣡ࣃࠊࡀࡿ࠶࡛ἣ≧ࡿ࠼ゝ࡜Ḟྍ୙ࡣ⏝άࡢࢱ࣮࣑ࣞࣗࢩ࣭࣒࢖ࢱࣝ࢔
࡟ᖖ㠀࡭ẚ࡟⣔ᲔᶵࡀᩘἼ࿘ᚚไࡢ㊰ᅇࢢࣥࢳࢵ࢖ࢫࡿ࠶࡛㊰ᅇ࡞せ୺ࡢࡑࠊࡣ࡛㔝ศࢫ
㏿㧗ࡿࡁ࡛ᛂᑐ࡟ࢀࡇࠊࡾࡼ࡜ࡇ࡞せᚲࡀ⬟ゎศ㛫᫬࠸㧗࡚࠸࠾࡟⟬ィࡧࡼ࠾ࠊ࡜ࡇ࠸㧗
ࢀࡉ⌧ᐇࡔࡲ࠸ࡣࢱ࣮࣑ࣞࣗࢩ࣭࣒࢖ࢱࣝ࢔ࣜ࡞ⓗ⏝ᐇࠊࡎࡽ࠾࡚ࢀࡉ❧☜ࡀἲᡭ⟬ィ࡞
 ࠋ࠸࡞࠸࡚
 
௜ྡ࡜ἲࣉࢵࢸࢫኚྍⓗศ㒊ࡿࡍ⟬ィ࡟☜ṇࢆ้᫬సືࢳࢵ࢖ࢫࠊࡣ࡛ᩥㄽᮏࠊ࡛ࡇࡑ
グ࡛ᘧ⛬᪉ែ≧ࡢ⣔⥆㐃ࠊ࡟᫬ྠ࡜ࡿᅗࢆୖྥࡢ⬟ゎศ㛫᫬࡛஦ࡿࡍ᱌ᥦࢆἲᡭ⟬ィࡓࡅ
ࡼ࡟࡜ࡇࡿࡍ⟬ィ࡛ศ✚್ᩘࡿࡼ࡟ἲゎ㝧࠸࡞ᑡ࡚ࡵᴟࡀⲴ㈇⟬ィࢆᘧ⛬᪉㊰ᅇࡓࢀࡉ㏙
࢔ࣜࠊࡀࡓࡗ࠿࡞ࢀࡉ⏝౑࡝ࢇ࡜࡯᮶ᚑࡣἲゎ㝧ࠋࡓࡋ⌧ᐇࢆ⦰▷࡞ᖜ኱ࡢ㛫᫬⟬ィࠊࡾ
ࡀἲゎ㝧ࠊ࡚ࡋ┠╔࡟࡜ࡇࡿࢀࡉᐃ㝈ࡣ㢮✀ࡢ㊰ᅇࡁ࡭ࡍ⟬ィࡀࢱ࣮࣑ࣞࣗࢩ࣭࣒࢖ࢱࣝ
 ࠋࡓࡋ࡟࠿ࡽ࡚᫂ࡵึ࡛ᩥㄽᮏࢆ࡜ࡇࡿ࠶࡛⬟ྍ⏝㐺
࿘ࢢࣥࢳࢵ࢖ࢫ࡞ⓗ⯡୍࡚ࡋ⏝౑ࢆࢧࢵࢭࣟࣉ⏝ỗࠊࡓࡗ࠶࡛⬟ྍ୙ࡣ᮶ᚑࠊᯝ⤖ࡢࡑ
ࡾࡼࠊ࡟ࡽࡉࠊࡋ⌧ᐇࢆࢱ࣮࣑ࣞࣗࢩ࣭࣒࢖ࢱࣝ࢔ࣜࡢ㊰ᅇࢢࣥࢳࢵ࢖ࢫࡿࡍసື࡛ᩘἼ
ࢢࣥࢳࢵ࢖ࢫࡢἼ࿘㧗ࡓࡗ࠿࡞ࡁ࡛⌧ᐇ࡛ࡲࢀࡇࠊ࡚ࡗࡼ࡟࡜ࡇࡿࡍ⏝౑ࢆ AGPF ࡞㏿㧗
ࢽࣟࢺࢡ࢚࣮ࣞ࣡ࣃࠊࡾࡼ࡟ࢀࡇࠋࡓࡋ⌧ᐇࢆࢱ࣮࣑ࣞࣗࢩ࣭࣒࢖ࢱࣝ࢔ࣜࡘᣢࢆᩘἼ࿘
ࡀ࡜ࡇࡿࡍ⏝ά࡟ศ༑ࢆ⾡ᢏⓎ㛤ࡢ᪂᭱ࡢ࡝࡞ἲⓎ㛤ࢫ࣮࣋ࣝࢹࣔࠊࡶ࡚࠸࠾࡟㔝ศࢫࢡ
 ࠋࡓࡗ࡞࡟⬟ྍ
 
 ࠋࡍグࢆᡂᵓࡢᩥㄽᮏ࡟ୗ௨
ྐṔࡓࢀࡉฟࡳ⏕ࡀࢀࡑࠊᛶせᚲࡢࢱ࣮࣑ࣞࣗࢩ࣭࣒࢖ࢱࣝ࢔ࣜࠊࡾ࠶࡛ㄽᗎࡣ❶ 1 ➨
 ࠋࡓ࡭㏙࡚࠸ࡘ࡟ᡂᵓࡢࡑ࡚ࡋࡑࠊ≧⌧ࡢ࡛㔝ศࢫࢡࢽࣟࢺࢡ࢚࣮ࣞ࣡ࣃࠊ⦋⤒ⓗ
ࡘ࡟ἲゎ್ᩘࡢᘧ⛬᪉ศᚤᖖࠊࡿ࠶࡛♏ᇶࡢ⾡ᢏࣥࣙࢩ࣮࣑ࣞࣗࢩࠊࡣ࡚࠸࠾࡟❶ 2 ➨ 
 ࠋࡓࡗ⾜ࢆウ᳨ࡢ࡚࠸ࡘ࡟௳᮲ࡢᛶᐃᏳ್ᩘ࡜ᘧ⟬ィࠊ࡚࠸
ࡢ୍ྠࠊࡋウ᳨ࢆἲᡭ໬ᘧᐃ㊰ᅇ࡞せ୺ࡓࡁ࡚ࢀࡉ᱌ᥦ࡟࡛ࡲᅾ⌧ࠊࡣ࡚࠸࠾࡟❶ 3 ➨ 
 ࠋࡓࡋ࡟࠿ࡽ᫂ࢆኻᚓࡢࡑࠊࡋ♧ࢆ࠿ࡿࢀࡉ⾲࡛ᘧ⛬᪉࡞࠺ࡼࡢ࡝ࡀ㊰ᅇࣝࣉࣥࢧ
್ᩘࡢ❶ 2 ➨ࠊ࠸⾜ࢆᐹ⪃ࡢ࡚࠸ࡘ࡟㢟ၥࡢ᭷≉㊰ᅇࢢࣥࢳࢵ࢖ࢫࠊࡣ࡚࠸࠾࡟❶ 4 ➨
ࠊࡓࡋ࡜㇟ᑐࢆࢫࢡࢽࣟࢺࢡ࢚࣮ࣞ࣡ࣃࠊࡀࡏࢃྜࡳ⤌ࡢ࡝ࠊࡢᘧ⛬᪉㊰ᅇࡢ❶3 ➨ࠊἲゎ
 ࠋࡓࡋ࡟࠿ࡽ᫂ࢆ࠿ࡿ࠶࡛㐺᭱ࡵࡓࡿࡍ⠏ᵓࢆࢱ࣮࣑ࣞࣗࢩ࣭࣒࢖ࢱࣝ࢔ࣜ
㊰ᅇ࡞ⓗ‽ᶆࠊ࡚࠸࠾࡟ᩘἼ࿘ࢢࣥࢳࢵ࢖ࢫ࡞ⓗ‽ᶆ࠺࠸࡜ zHk02ࠊࡣ࡚࠸࠾࡟❶5 ➨
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ᐃᩘࢆࡶࡘᅇ㊰ࢆᐇ㝿࡟〇సࡋࠊࡇࡢ᮲௳ୗ࡛➨ 4 ❶࡟࠾࠸࡚ᥦ᱌ࡉࢀࡓᡭἲࡀ㐺⏝ྍ⬟
࡛࠶ࡿࡇ࡜ࢆ♧ࡋࠊࡲࡓࡇࡢᡭἲࢆᐇ㝿࡟ᐇ⿦ࡋࠊࡑࡢຠᯝࢆ☜ㄆࡋࡓࠋ 
ᐇ⿦ࡣ 1GHz ࡢࢡࣟࢵࢡ࡛㥑ືࡉࢀࡿỗ⏝ࣉࣟࢭࢵࢧ㸦IBM PowerPC 750FX㸧࡜
100MHz࡛㥑ືࡉࢀࡿ FPGA㸦Xilinx♫ Virtex-5㸧ࡢ 2✀㢮ࡢࣁ࣮ࢻ࢙࢘࢔ࢆ⏝࠸ࠊᚓኻ
ࢆ᳨ウࡋࡓࠋ 
➨㸴❶࡟࠾࠸࡚ࠊ඲యࢆ⥲ᣓࡋࠊṧࡉࢀࡓㄢ㢟࡟ࡘ࠸࡚ゝཬࡋࡓࠋ 
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1❶  ࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱ
 
1.1. ࣇ࢕࣮ࢻࣂࢵࢡไᚚᶵჾ㛤Ⓨ࡟࠾ࡅࡿࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡢᚲせᛶ
 
 ⮬ືไᚚ࡜ゝࢃࢀࡿࡶࡢࡣࠊไᚚᑐ㇟࡟ᑐࡋ༢⣧࡟ධຊࢆ୚࠼ࡿࡔࡅࡢ㛤࣮ࣝࣉไᚚ࡜ࠊ
ᑐ㇟ࡢᣲືࢆ᳨▱ࡋᑐ㇟ࡢᣲືࡀᡤᮃࡢ┠ᶆ್࡟୍⮴ࡍࡿࡼ࠺࡟ධຊࢆ୚࠼ࡿࠊࣇ࢕࣮ࢻ
ࣂࢵࢡไᚚ࡜ࡋ࡚ࡶ▱ࡽࢀࡿ㛢࣮ࣝࣉไᚚ࡟ศ㢮ࡉࢀࡿࡀࠊ㏻ᖖࠊ⮬ືไᚚ࡜ゝ࠼ࡤࠊᚋ
⪅ࢆᣦࡍࠋ 
 
ᅗ 1.1 ࣮࢜ࣉ࣮ࣥࣝࣉไᚚ࡜ࢡ࣮ࣟࢬࢻ࣮ࣝࣉไᚚ 
 
 ࣇ࢕࣮ࢻࣂࢵࢡไᚚ࡟ࡣ᮲௳࡟ࡼࡗ࡚ࡣไᚚࡀⓎᩓࡍࡿ࡜࠸࠺㔜኱࡞ၥ㢟ࡀ࠶ࡾࠊ⮬ື
ไᚚ࡟࠾ࡅࡿ⌮ㄽ࡜ࡣࠊࡇࡢⓎᩓࢆ࠸࠿࡟ࡋ࡚㜵ࡄ࠿ࠊࡍ࡞ࢃࡕᏳᐃ࡞ไᚚࢆᐇ⌧ࡍࡿ࠿
࡜࠸࠺Ⅼ࡟㞟⣙ࡉࢀࡿࡢ࡛࠶ࡿࡀࠊࡉࡽ࡟ࡶ࠺୍ࡘࡢၥ㢟࡜ࡋ࡚ࠊไᚚ⿦⨨ࡢ㛤Ⓨ࡟㝿ࡋ
࡚ࠊไᚚᑐ㇟ࢆᚲせ࡜ࡍࡿࠊ࡜࠸࠺ၥ㢟ࡀ࠶ࡿࠋ 
ไᚚ⿦⨨ࡣไᚚᑐ㇟࠿ࡽࣇ࢕࣮ࢻࣂࢵࢡࡉࢀࡿಙྕࢆධຊ࡜ࡍࡿࡓࡵࠊไᚚᑐ㇟ࡀ࡞ࡅ
ࢀࡤධຊ್ࡀᚓࡽࢀ࡞࠸ࠋࡇࢀࢆ௬ࡢࢩࢫࢸ࣒࡛௦⏝ࡋࠊᨃఝⓗ࡞ಙྕࢆධຊ್࡜ࡍࡿࡇ
࡜ࡣྍ⬟࡛࠶ࡿࡀࠊไᚚᑐ㇟ࡢᣲືࡣࠊไᚚ⿦⨨ࡢไᚚฟຊ࡟౫Ꮡࡍࡿ࡜࠸࠺ᅉᯝ㛵ಀࡀ
࠶ࡿࠋᚑࡗ࡚௬ࡢࢩࢫࢸ࣒ࡣࠊไᚚ⿦⨨࠿ࡽཷࡅࡓಙྕ࡟ᑐࡋࠊไᚚᑐ㇟࡜ྠࡌฟຊࢆ㐺
ษ࡞ࢱ࢖࣑ࣥࢢ࡛ฟຊࡍࡿ஦ࡀせồࡉࢀࡿࠋ 
ࡇࡢࡼ࠺࡞⿦⨨ࡣᐜ᫆࡟ᚓࡽࢀࡿࡶࡢ࡛ࡣ࡞ࡃࠊไᚚ⌮ㄽࡀⓎᒎࡋࡓ 20ୡ⣖ึ㢌࡟࠾࠸
࡚ࡶไᚚ⿦⨨ࡣࠊไᚚᑐ㇟ࡢ͆⌧≀͇ࢆ౑⏝ࡋ࡚㛤Ⓨࡍࡿ஦ࡀᖖ㆑࡛࠶ࡗࡓ[1]ࠋ 
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ᅗ 1.2 ᭶╔㝣⯪㸦ฟ඾㸸NASA࣮࣒࣮࣍࣌ࢪ㸧 
 
ࡋ࠿ࡋࠊ㟁Ꮚᢏ⾡ࠊᶵᲔᢏ⾡ࠊ࠾ࡼࡧไᚚ⌮ㄽࡢⓎᒎ࡟ᚑ࠸ࠊไᚚ⿦⨨ࡀᵝࠎ࡞ศ㔝࡟
⏝࠸ࡽࢀࡿ࡟ᚑࡗ࡚ࠊࡇࡢၥ㢟ࡀไᚚ⣔ࡢ㛤Ⓨ࡟ᑐࡍࡿࠊ኱ࡁ࡞㞀ቨ࡜ࡋ࡚㢧ᅾ໬ࡋ࡚ࡁ
ࡓࠋ඾ᆺⓗ࡞౛࡜ࡋ࡚ࡣࠊ➨ 2 ḟ኱ᡓᚋ࡟㛤Ⓨࡉࢀࡓࠊᩛᡓ㜚ᶵࢆ⮬ື㏣ᑿࡍࡿ㣕⩧యࠊ
ࡍ࡞ࢃࡕ࣑ࢧ࢖ࣝࡸࠊᏱᐂࣟࢣࢵࢺࡢ㛤Ⓨࡀ࠶ࡿࠋ 
࣑ࢧ࢖ࣝ࡞࡝࡟࠾࠸࡚ࡣࠊᙜ᫬ࡢᢏ⾡࡛ࡣࠊᐇ㦂ࢆ⾜ࡗ࡚࠸ࡿ㛫࡟ไᚚ⿦⨨ࡢືస≧ἣ
ࢆヲ⣽࡟ほ ࡍࡿ஦ࡀᅔ㞴࡛࠶ࡾࠊࡉࡽ࡟ᐇ㦂⤊஢ᚋ࡟ᶵᮦࢆ↓യ࡛ᅇ཰ࡍࡿࡇ࡜ࡣᮇᚅ
࡛ࡁ࡞࠸ࠋᚑࡗ࡚㣕ࡤࡋ࡚ࡋࡲ࠺๓࡟ࠊᑡ࡞ࡃ࡜ࡶ࠶ࡿ⛬ᗘࡣ᏶ᡂࡋ࡚࠸ࡿᚲせࡀ࠶ࡿࠋ
Ᏹᐂ㛤Ⓨ࡛ࡣࡉࡽ࡟ၥ㢟ࡣ㢧ⴭ࡛ࠊᏱᐂࡸ᭶㠃࡛౑⏝ࡍࡿไᚚ⿦⨨ࡣࠊ㣕ࡤࡍ๓࡟᏶ᡂࡋ
࡚࠸ࡿ஦ࡣࡶࡕࢁࢇࠊኻᩋࡍࡿࡇ࡜ࡀ⤯ᑐ࡟チࡉࢀ࡞࠸࡟ࡶ㛵ࢃࡽࡎࠊᆅ⌫ୖ࡛ࡢ஦๓☜
ㄆࡀ඲ࡃ࡛ࡁ࡞࠸ࠋ 
ࡇࡢࡼ࠺࡞ㄢ㢟ࢆඞ᭹ࡍࡿࡓࡵ࡟㛤Ⓨࡉࢀࡓࡶࡢࡀࠊࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱ࡛࠶
ࡿࠋ 
ᅗ 1.2࡟♧ࡍ᭶╔㝣⯪ࡢ࣮࢜ࢺࣃ࢖ࣟࢵࢺ⿦⨨ࡢ㛤Ⓨ࡟౑⏝ࡉࢀࡓࢩ࣑࣮ࣗࣞࢱࡣࠊࣅࣝ
3㝵ࡢࣇࣟ࢔ࢆ༨᭷ࡋࠊᙜ᫬᭱᪂ࡢ IBM-7090ࢥࣥࣆ࣮ࣗࢱࠊ࢔ࢼࣟࢢࢥࣥࣆ࣮ࣗࢱࠊ࠾ࡼ
ࡧ័ᛶຊࢆ෌⌧ࡍࡿᐇ≀኱ࣔࢵࢡ࢔ࢵࣉ࠿ࡽᵓᡂࡉࢀ࡚࠸ࡓ࡜࠸࠺[2]ࠋ 
 
1.2. ࣃ࣮࢚࣡ࣞࢡࢺࣟࢽࢡࢫศ㔝࡟࠾ࡅࡿࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡢ⌧≧
 
 ௨ୖࡢࡼ࠺࡟௒᪥࡛ࡣࠊ⯟✵ᶵࡸ⮬ື㌴࡞࡝ࠊᶵᲔⓗ࡞ᑐ㇟ࢆไᚚࡍࡿࣇ࢕࣮ࢻࣂࢵࢡ
ไᚚࢆ⾜࠺ไᚚ⿦⨨ࡢ㛤Ⓨ࡟࠾࠸࡚ࠊࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡣᚲせ୙ྍḞࡢᏑᅾ࡛
࠶ࡿ [3]ࠋ 
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ࡋ࠿ࡋ࡞ࡀࡽࠊ࢖ࣥࣂ࣮ࢱࡸ DC㸭DCࢥࣥࣂ࣮ࢱࢆึࡵ࡜ࡍࡿࣃ࣮࢚࣡ࣞࢡࢺࣟࢽࢡࢫ
ࡢศ㔝࡛ࡣᵝࠎ࡞ࣇ࢕࣮ࢻࣂࢵࢡไᚚ⣔ࡀ⏝࠸ࡽࢀ࡚࠸ࡿ࡟ࡶ㛵ࢃࡽࡎࠊࣜ࢔ࣝࢱ࢖࣒࣭
ࢩ࣑࣮ࣗࣞࢱࡣࠊ◊✲㛤Ⓨ⮬యࡣάⓎ࡟⾜ࢃࢀ࡚࠸ࡿࡶࡢࡢࠊᚲせ୙ྍḞ࡜ゝ࠼ࡿ࡯࡝࡟
ࡣᬑཬࡣࡋ࡚࠸࡞࠸ࠋ 
 
ࡑࡢ⌮⏤࡜ࡋ࡚ࡣ୍ࡘ࡟ࡣࢽ࣮ࢬࡢḞዴࡀ࠶ࡿࠋࣃ࣮࢚࣡ࣞࢡࢺࣟࢽࢡࢫࡢศ㔝࡛ࡣࠊ
ᇶᮏⓗ࡟༙ᑟయ⣲Ꮚࢆ ON㸭OFF ࡢ 2 ≧ែࡢࢫ࢖ࢵࢳ⣲Ꮚ࡜ࡋ࡚⏝࠸ࠊ஺஫࡟ ON㸫OFF
ࢆ⧞ࡾ㏉ࡋ࡚⏝࠸ࡿࠋ⌧ᐇ࡟ࡣ༙ᑟయ⣲Ꮚࡣ⌮᝿ࢫ࢖ࢵࢳ࡛ࡣ࡞ࡃࠊࢫ࢖ࢵࢳࢆ⧞ࡾ㏉ࡍ
࿘ᮇࡀ▷ࡅࢀࡤࠊ༢఩᫬㛫࠶ࡓࡾࡢࢫ࢖ࢵࢳᅇᩘࡀቑ࠼ࠊࢫ࢖ࢵࢳᦆኻࡀቑ኱ࡋ࡚ࡋࡲ࠺
ࡢ࡛࠶ࡿࡀࠊ୍᪉࢖ࣥࢲࢡࢱࡸ࢟ࣕࣃࢩࢱ࡞࡝ࡢ㒊ရࡀᑠࡉࡃ࡞ࡾࢥࢫࢺ࡜ᑠᆺ໬࡟㈉⊩
ࡍࡿࠋࡑࡢࡓࡵ༙ࠊ ᑟయ⣲Ꮚࡢࢫ࢖ࢵࢳ≉ᛶࡀⰋࡃ࡞࠸ᖺ௦࡟࠾࠸࡚ࡶmsec௨ୗࡢࢫ࢖ࢵ
ࢳ࿘ᮇࠊ⣲Ꮚࡢ≉ᛶࡀྥୖࡋࡓ௒᪥࡛ࡣȣsec࣮࢜ࢲࡢࢫ࢖ࢵࢳ࿘ᮇࢆ౑⏝ࡋ࡚࠾ࡾࠊࡇࡢ
ࡼ࠺࡞࿘ᮇࢆไᚚ࿘ᮇ࡜ࡋࡓሙྜࠊᚑ᮶ࡢ⤌ࡳ㎸ࡳไᚚ⏝ࡢࣉࣟࢭࢵࢧ࡛ࡣᑐᛂᅔ㞴࡛࠶
ࡾࠊไᚚ࡟ࡣ࢔ࢼࣟࢢᅇ㊰ࡀ⏝࠸ࡽࢀ࡚࠸ࡓࠋ 
࢔ࢼࣟࢢᅇ㊰࡛ࡢไᚚ࡛ࡣࠊ」㞧࡞ไᚚ๎ࢆ㐺⏝ࡍࡿ஦ࡣᅔ㞴࡛࠶ࡾࠊType1ࠊType2ࠊ
Type3 ࡞࡝࡜࿧ࡤࢀࡿᙧࡢᐃࡲࡗࡓ఩┦㐜ࢀ㐍ࡳไᚚࡀ㐺⏝ࡉࢀ࡚࠸ࡓ[4]ࠋࡇࡢࡼ࠺࡞ไ
ᚚ⣔࡛ࡣࠊไᚚタィࡣ࿘Ἴᩘ㸫ࢤ࢖ࣥ㸭఩┦≉ᛶࡢࡳ࡛࠶ࡾࠊㄪᩚࡀᚲせ࡞ࣃ࣓࣮ࣛࢱ㸦⣲
Ꮚᐃᩘ㸧ࡶᑡ࡞࠸ࡓࡵࠊࢥࣥࢺ࣮ࣟࣛࡢ㛤Ⓨࢶ࣮ࣝ࡜ࡋ࡚ࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࢆ
౑⏝ࡍࡿ࡯࡝ࡢࢽ࣮ࢬࡣᏑᅾࡋ࠼࡞࠿ࡗࡓࠋ 
ࡋ࠿ࡋࠊ㏆ᖺ࡛ࡣࠊ㧗㏿ࠊᏳ౯ࠊ࠿ࡘ⤌ࡳ㎸ࡳ⏝㏵࡜ࡋ࡚ࡢ⪏⎔ቃᛶ࡟ඃࢀࡓࢹࢪࢱࣝ
ࢹࣂ࢖ࢫࡀⓏሙࡋࠊே㛫ࡢྍ⫈⠊ᅖࢆ㉸࠼ࡿ஦ࡼࡾ୍ᛂࡢ┠Ᏻ࡜ࡉࢀࡿ 20kHzࡢࢫ࢖ࢵࢳ
ࣥࢢ࿘ᮇ࡟࠾ࡅࡿࢹࢪࢱࣝไᚚࡀྍ⬟࡜࡞ࡾࠊࡑࡢ⤖ᯝࠊไᚚ๎ࡀ」㞧໬ࡍࡿഴྥࡀ࠶ࡾࠊ
ࡑࢀࢆᐇ⌧ࡍࡿಙ㢗ᛶࡢ㧗࠸ไᚚࢯࣇࢺ࢙࢘࢔ࡢ㛤Ⓨࡢࡓࡵࡢࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞ
ࢱࡢࢽ࣮ࢬࡣ᪥ቑࡋ࡟ቑࡋ࡚࠸ࡿࠋ 
୍᪉ࠊࢩ࣮ࢬࠊࡍ࡞ࢃࡕᢏ⾡ⓗഃ㠃࡟࠾࠸࡚ࡶࠊࣃ࣮࢚࣡ࣞࢡࢺࣟࢽࢡࢫࢆᵓᡂࡍࡿࢫ
࢖ࢵࢳࣥࢢᅇ㊰ࢆᶍᨃࡍࡿࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡢᐇ⌧ࡣᅔ㞴࡛࠶ࡗࡓࠋ 
ࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࢆᐇ⌧ࡍࡿᢏ⾡ࡣࠊྠᵝ࡟㟁Ꮚᅇ㊰ࢆ᪉⛬ᘧ࡜ࡋ࡚⾲ࡋィ
⟬ࡍࡿࠊᅇ㊰ࢩ࣑࣮ࣗࣞࢱࡢᢏ⾡࡟ᇶ࡙ࡃࡶࡢ࡛ࡣ࠶ࡿࡀࠊỗ⏝ᅇ㊰ࢩ࣑࣮ࣗࣞࢱ࡜ࡋ࡚
ᶆ‽ⓗ࡞Ꮡᅾ࡛࠶ࡿ SPICE[5]ࡣࠊಟṇ⠇Ⅼゎᯒἲࢆ⏝࠸ࠊ㠀⥺ᙧ≉ᛶࢆ཯᚟ィ⟬࡛⥺ᙧ᪉
⛬ᘧ࡟ኚ᥮ࡍࡿࡓࡵࠊᢅ࠼ࡿᅇ㊰ࢺ࣏ࣟࢪ࣮ࡢ⠊ᅖࡶᗈࡃࠊ㠀⥺ᙧ⣲ᏊࡶⰋዲ࡟ᢅ࠼ࡿ࡜
࠸࠺≉ᚩࢆᣢࡘࡀࠊࡑࡢ୍᪉ィ⟬㈇Ⲵࡀ㧗ࡃࠊࣜ࢔ࣝࢱ࢖࣒ィ⟬ࡣᅔ㞴࡛࠶ࡿࠋ 
㏦㟁⣔ࡢࢩ࣑࣮ࣗࣞࢱ࡜ࡋ࡚ⴭྡ࡞ EMTP[6]ࡶࠊྠࡌࡃ⠇Ⅼゎᯒἲࢆ⏝࠸ᚤศ᪉⛬ᘧࡢ
㞳ᩓ໬ᡭἲ࡜ࡋ࡚ྎᙧ✚ศἲࢆᶆ‽࡜ࡋ࡚࠸ࡿࡓࡵࠊࡸࡣࡾィ⟬㈇Ⲵࡀ㧗ࡃࠊࡉࡽ࡟ࠊࢫ
࢖ࢵࢳࣥࢢືసࢆ⾜࠺ᅇ㊰࡛ࡣࠊᩘ್ⓗ᣺ືࢆ㉳ࡇࡍ࡞࡝ࡢၥ㢟ࡀ࠶ࡾ[7]ࠊࡸࡣࡾࣜ࢔ࣝ
ࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢩࣙࣥ࡟ྥ࠿࡞࠸ࠋ 
௨ୖࡢࡼ࠺࡟ࠊከࡃᬑཬࡋ࡚࠸ࡿ͆㠀͇ࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢩࣙࣥࢯࣇࢺ࢙࢘࢔
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ࡢ⌮ㄽ࡜ࢯࣇࢺ࢙࢘࢔ᵓ㐀ࢆ┤᥋฼⏝ࡋ࡚ࠊࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࢆ㛤Ⓨࡋࡓሙྜ
࡟ࡣࠊᩘ 100Hz⛬ᗘࡢప࠸ࢫ࢖ࢵࢳࣥࢢ࿘Ἴᩘ࡟㝈ᐃࡉࢀࡿࡶࡢ࡟࡞ࡽࡊࡿࢆᚓࡎ[8][9]ࠊ
ࢫ࢖ࢵࢳࣥࢢ࿘Ἴᩘࢆୖࡆࡓሙྜࡣࠊ୪ิࣉࣟࢭࢵࢧࢆ౑⏝ࡍࡿ࡞࡝኱つᶍ࡞ࣁ࣮ࢻ࢙࢘
࢔[11][12]ࡀᚲせ࡜࡞ࡿࡀࠊࡑࡢࡓࡵ౯᱁ⓗ࡟ࡶ㧗౯࡜࡞ࡾࠊࣃ࣮࢚࣡ࣞࢡࢺࣟࢽࢡࢫศ㔝
࡟࠾ࡅࡿࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡢᬑཬࢆ㜼ࡴせᅉ࡜࡞ࡗ࡚࠸ࡓࠋ 
ࡋ࠿ࡋࠊ㏆ᖺ࡛ࡣࠊFPGA)LHOG3URJUDPPDEOH*DWH$UUD\➼ࢆ฼⏝ࡋ࡚ࠊẚ㍑ⓗᏳ౯࡟
20kHz ⛬ᗘࡢࢫ࢖ࢵࢳࣥࢢ࿘Ἴᩘࢆᐇ⌧ࡍࡿ౛ࡶ࠶ࡾ[13]-[15]ࠊࣃ࣮࢚࣡ࣞࢡࢺࣟࢽࢡࢫ
ศ㔝࡛ࡶࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡢ㛤ⓎࡣάⓎ࡟࡞ࡾࡘࡘ࠶ࡿࡀࠊࡲࡔᚑ᮶ࡢ͇㠀͆ࣜ
࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢩࣙࣥࢯࣇࢺ࢙࢘࢔ࡢᘏ㛗࡟࠶ࡿ࢔࢖ࢹ࢔ࢆ FPGA ࡜࠸࠺ࣁ࣮ࢻ
࢙࢘࢔ࡢィ⟬⬟ຊ࡛ඞ᭹ࡋ࡚࠸ࡿഴྥࡀ࠶ࡿࠋ 
ᚑࡗ࡚ࠊࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢩࣙࣥ⏝࡟᪂ࡋ࠸⌮ㄽࡸࢯࣇࢺ࢙࢘࢔ࢆ㛤Ⓨࡍࢀࡤࠊ
ࡼࡾపࢥࢫࢺ࡞ࣁ࣮ࢻ࢙࢘࢔࡛ྠ➼࡞ᛶ⬟ࡀ㐩ᡂྍ⬟࡜࡞ࡿࠋ࠶ࡿ࠸ࡣࡇࡢࡼ࠺࡞㐍Ṍࡋ
ࡓࣁ࣮ࢻ࢙࢘࢔ࢆ⏝࠸ࢀࡤࠊࡼࡾ㧗࠸⢭ᗘࡸ㧗࠸ࢫ࢖ࢵࢳࣥࢢ࿘Ἴᩘࢆᐇ⌧ྍ⬟࡜࡞ࡿࡇ
࡜ࡼࡾࠊࣃ࣮࢚࣡ࣞࢡࢺࣟࢽࢡࢫࡢศ㔝࡟࠾ࡅࡿࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡢᬑཬ࡟㈉
⊩ࡍࡿ࡜⪃࠼ࡽࢀࡿࠋ 
 
1.3. ࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡢᵓᡂ
 
 ࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱ࡜ࡣࠊᐇ㝿ࡢไᚚ⿦⨨࡟ᑐࡋࠊไᚚᑐ㇟ࡢ௦᭰ࢆ⾜࠺ࡶࡢ
࡛࠶ࡾࠊ㛢ࡌࡓไᚚ࣮ࣝࣉࡢ୰࡟ࠊࢥࣥࢺ࣮ࣟࣛࡀᏑᅾࡍࡿ஦ࡀ≉ᚩ࡛࠶ࡿࠋࡑࡢࡓࡵࠊ
HILS㸦Hardware In the Loop Simulator㸧࡜ࡶ࿧ࡤࢀࡿࠋ 
 ࡇࢀ࡟ᑐࡋࠊᐇ㝿ࡢไᚚ⿦⨨࡛ࡣ࡞ࡃࠊไᚚ⿦⨨࡟ෆⶶࡉࢀࡿไᚚ࢔ࣝࢦࣜࢬ࣒ࠊ࠶ࡿ
࠸ࡣไᚚࢯࣇࢺ࢙࢘࢔࡟ᑐࡋࠊไᚚᑐ㇟ࢆᶍᨃࡋࡓᩘᏛࣔࢹࣝࢆ⤌ࡳྜࢃࡏࠊไᚚ࢔ࣝࢦ
ࣜࢬ࣒ࡢጇᙜᛶࢆ᳨ドࡍࡿࠊ࡜࠸࠺ࢩ࣑࣮ࣗࣞࢩࣙࣥᡭἲࡶ࠶ࡾࠊࡇࡢሙྜࡣ࢜ࣇࣛ࢖࣭ࣥ
ࢩ࣑࣮ࣗࣞࢩࣙࣥ࡜࿧ࡤࢀࡿࠋ 
࢜ࣇࣛ࢖࣭ࣥࢩ࣑࣮ࣗࣞࢩ࡛ࣙࣥࡣࠊ⣧⢋࡟ࢯࣇࢺ࢙࢘࢔࡛ࣞ࣋ࣝࡢࢩ࣑࣮ࣗࣞࢩࣙࣥ
࡛࠶ࡿ࠿ࡽࠊไᚚ๎ࡢ㛤Ⓨࡸࠊไᚚࢯࣇࢺ࢙࢘࢔ࡢᇶᮏⓗ࡞ᛶ⬟ࢆ☜ㄆࡍࡿ஦࡟ࡣᙺ❧ࡘ
ࡀࠊࢥࣥࢺ࣮ࣟࣛ࡟ᐇ⿦ࡋࡓ᭱⤊≧ែ࡛ࡢࠊI/Oᛶ⬟ࡸࢯࣇࢺ࢙࢘࢔ฎ⌮ࡢࢱ࢖࣑ࣥࢢࡢཝ
ᐦ࡞᳨ドࡣ࡛ࡁ࡞࠸ࡓࡵࠊ୧⪅ࡢ౑࠸ศࡅࡀ㔜せ࡛࠶ࡿࡀࠊ᭱⤊≧ែ࡛ࡢ☜ㄆࡣᚲ㡲࡛࠶
ࡿ࠿ࡽࠊࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡢ㔜せᗘࡣ㧗࠸ࠋ 
 ࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡀ͆ࣜ࢔ࣝࢱ࢖࣒͇࡛࠶ࡿ⌮⏤ࡣࠊᐇ㝿ࡢไᚚ⿦⨨ࢆ᥋⥆
ࡋࠊ≀⌮ⓗ࡞ಙྕࢆࡸࡾ࡜ࡾࡍࡿ஦࡟ࡼࡿせồ஦㡯࡛࠶ࡿࠋࡍ࡞ࢃࡕࠊ≀⌮ⓗ࡞᫬㛫㍈ࢆ
ᣢࡘࣁ࣮ࢻ࢙࢘࢔࡜ࡋ࡚ࡢไᚚ⿦⨨࡜ࠊྠࡌࡃ≀⌮ⓗ࡞᫬㛫㍈ࢆᣢࡘධฟຊಙྕ࡟᥋⥆ࡉ
ࢀࡿࡓࡵࠊྠࡌ≀⌮ⓗ᫬㛫㍈ࢆᣢࡘࡇ࡜ࡀせồࡉࢀ࡚࠸ࡿࠋ 
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௨ୖࡼࡾࠊࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱ࡜ࡣࠊ 
ձ ࢥࣥࢺ࣮ࣟࣛࡀฟຊࡍࡿಙྕࢆィ ࡋ 
ղ ไᚚᑐ㇟ࡢᣲືࢆࠊᩘᏛࣔࢹࣝࢆ⏝࠸࡚ᡤᐃࡢ᫬㛫௨ෆ࡟ィ⟬ࡋ 
ճ ไᚚᑐ㇟ࡢᣲືࢆ᳨▱ࡍࡿࡓࡵタ⨨ࡉࢀࡿࢭࣥࢧ࣮ಙྕ࡟௦ࢃࡿಙྕࢆฟຊࡍࡿࠋ 
⿦⨨࡛࠶ࡿࠋ 
 
ᅗ 1.3 ࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡢᵓᡂ 
 
ไᚚ⿦⨨ࡢᣢࡘධฟຊಙྕࡣไᚚᑐ㇟࡟ࡼࡾᵝࠎ࡞ࡶࡢࡀ࠶ࡿࡓࡵࠊࣜ࢔ࣝࢱ࢖࣒࣭ࢩ
࣑࣮ࣗࣞࢱࡀᣢࡘ I/O⿦⨨ࡣࠊไᚚᑐ㇟࡟ᛂࡌ࡚ᵝࠎ࡛࠶ࡿࠋᚑࡗ࡚ࠊከࡃࡢሙྜࡣࠊࣜ࢔
ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡣᶍᨃࡍࡿᑐ㇟࡟ᛂࡌࡓ࢝ࢫࢱ࣒௙ᵝ࡜࡞ࡿࠋ 
࡞࠾ࣃ࣮࢚࣡ࣞࢡࢺࣟࢽࢡࢫศ㔝࡟࠾࠸࡚ࡣࠊไᚚ⿦⨨ࡀฟຊࡍࡿಙྕࡣ୍⯡ⓗ࡟ࡣ」
ᩘࡢࢫ࢖ࢵࢳ⣲Ꮚ㥑ືಙྕ㸦ከࡃࡣ PWM ಙྕ㸧࡛࠶ࡾࠊධຊࡣ㟁ᅽ್ࠊࡑࡋ࡚㟁ᅽ࡟ኚ
᥮ࡉࢀࡓ㟁ὶ್࡛࠶ࡿࠋ 
ᅗ 1.3 ࡟ࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡢ౑⏝౛ࢆ♧ࡍࠋࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡣ
I/O⿦⨨ࢆᣢࡘࡓࡵࠊᅗ 1.3ࡢࡼ࠺࡟ᐇᶵࡢ௦ࢃࡾ࡟ࢥࣥࢺ࣮ࣟࣛࢆ┤᥋᥋⥆ࡋ࡚౑⏝ࡍࡿ
ࡇ࡜ࡀ࡛ࡁࡿࠋ 
 
௨ୖࡢࡼ࠺࡟ධฟຊ⿦⨨ࡣᵝࠎ࡛࠶ࡿࡀࠊࡍ࡭࡚ࡢࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱ࡟ඹ㏻
ࡋࡑࡢ᰿ᖿ࡜࡞ࡿࡶࡢࡣࠊไᚚᑐ㇟ࡢᩘᏛࣔࢹࣝ࡜ࠊࡇࢀࢆィ⟬ࡍࡿィ⟬ᡭẁ࡛࠶ࡿࠋ 
ึᮇࡢࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡣࠊィ⟬ᡭẁ࡜ࡋ࡚ࠊ┿✵⟶ࢆ⏝࠸ࡓィ⟬ᅇ㊰ࠊࡍ
࡞ࢃࡕᅗ 1.4 ࡢࡼ࠺࡞࢔ࢼࣟࢢィ⟬ᶵࢆ౑⏝ࡋ࡚࠸ࡓ[16]ࠋ࢔ࢼࣟࢢィ⟬ᶵࡢィ⟬㏿ᗘࡣࠊ
≀⌮⌧㇟ࡑࡢࡶࡢ࡛࠶ࡿࡇ࡜ࡼࡾࠊ᏶඲࡞ࣜ࢔ࣝࢱ࢖࣒ᛶࡀᚓࡽࢀࡿࡀࠊࡑࡢ୍᪉ࠊィ⟬
࡟࠾ࡅࡿ⢭ᗘࢆ⥔ᣢࡍࡿ஦ࡀᅔ㞴࡛ࠊࡲࡓᩘᘧࢆධࢀ᭰࠼ࡿ࡟㝿ࡋࠊᅇ㊰ᵓᡂࢆኚ᭦ࡍࡿ
ᚲせࡀ࠶ࡾࠊỗ⏝ᛶࢆᣢࡓࡏࡓሙྜࠊᴟࡵ࡚」㞧࡞⿦⨨࡜࡞ࡿࠋࡑࡢࡓࡵࠊ⌧ᅾ࡛ࡣィ⟬
ᡭẁ࡜ࡋ࡚ࠊࢹࢪࢱࣝィ⟬ᶵࡀ⏝࠸ࡽࢀ࡚࠸ࡿࠋ 
8QNVCIG
%WTTGPV8QNVCIG
%WTTGPV
&KIKVCN%QPVTQNNGT
#EVWCN%KTEWKV 4GCNVKOG5KOWNCVQT
&#
2WNUG
%QWPV
&KIKVCN%QPVTQNNGT
29/5KIPCN 29/5KIPCN
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ᅗ 1.4 ึᮇࡢ࢔ࢼࣟࢢィ⟬ᶵ (ฟ඾㸸ཧ⪃ᩥ⊩[16]) 
 
ࢹࢪࢱࣝィ⟬ᶵࢆ⏝࠸ࡓሙྜࠊಙྕ್ࡣ㔞Ꮚ໬ࡉࢀࠊ࠿ࡘ᫬㛫ⓗ࡟ࡣ㞳ᩓ໬ࡉࢀ࡚࠸࡞
ࡅࢀࡤ࡞ࡽ࡞࠸ࠋ㞳ᩓ໬ࡉࢀࡓ್ࡣࠊ㞳ᩓ᫬㛫ࠊࡍ࡞ࢃࡕィ⟬ࢫࢸࢵࣉ᫬㛫ࢆᣢࡘࡀࠊࢹ
ࢪࢱࣝィ⟬ᶵ࡟࠾ࡅࡿࣜ࢔ࣝࢱ࢖࣒ᛶ࡜ࡣࠊࡍ࡞ࢃࡕࡇࡢィ⟬ࢫࢸࢵࣉ᫬㛫ࡼࡾࡶ▷࠸᫬
㛫࡟࠾࠸࡚ࠊᡤᮃࡢィ⟬ࢆ᏶஢ࡍࡿ஦࡛࠶ࡾࠊࡑࡢࡓࡵ࡟ࡣࠊ 
Ϩ ᭱㐺࡞ィ⟬ࢫࢸࢵࣉ᫬㛫 
ϩ 㧗㏿࡞ィ⟬ᡭẁ 
Ϫ ຠ⋡ⓗ࡞ィ⟬ᡭἲ 
ϫ ຠ⋡ⓗ࡞ᩘᏛࣔࢹࣝ㸦ᩘᘧ㸧 
ࡀᚲせ࡛࠶ࡿࠋ 
ᙜ↛ࠊィ⟬ࢫࢸࢵࣉ᫬㛫ࠊࡍ࡞ࢃࡕ͆⥾ษࡾ͇ࡀ㛗ࡅࢀࡤࠊ௚ࡢせᅉࡢ㈇ᢸࡀῶࡿࢃࡅ
࡛࠶ࡿ࠿ࡽࠊϨࡢせ⣲ࡣᴟࡵ࡚኱ࡁ࠸ࡀࠊࡇࢀࡣ㏻ᖖࠊ᥋⥆ࡍࡿࢥࣥࢺ࣮ࣟࣛࡢไᚚ๎ࡀ
㐺ษ࡟ືసࡍࡿ࡜࠸࠺ࢩ࣑࣮ࣗࣞࢱᮏ᮶ࡢ┠ⓗ࡟ࡼࡿไ⣙࡟ࡼࡾࠊࢥࣥࢺ࣮ࣟࣛไᚚ࿘ᮇ
ࡢ 1/5~1/20࡟タᐃࡉࢀࡿ[17]ࠋ 
ϩࡢィ⟬ᡭẁࡀ㧗㏿࡛࠶ࡿࡇ࡜ࡣࠊ⤯ᑐⓗ࡞ඃ఩ᛶ࡛࠶ࡾࠊࢹࢪࢱࣝィ⟬ᶵࢆᵓᡂࡍࡿ
ࢹࢪࢱࣝࣉࣟࢭࢵࢧࡢ㧗㏿໬ࠊ࠶ࡿ࠸ࡣ」ᩘࡢࣉࣟࢭࢵࢧࢆ฼⏝ࡍࡿ୪ิ໬ࡣࠊࢩ࣑ࣗࣞ
࣮ࢱศ㔝࡟࠾ࡅࡿ୍ࡘࡢ◊✲ࢸ࣮࣐࡛࠶ࡿࡀࠊᮏ◊✲࡛ࡣࡇࢀࢆᑐ㇟࡜ࡋ࡞࠸ࠋ 
Ϫࡢィ⟬ᡭἲࡢᨵၿࡣᴟࡵ࡚㔜せ࡛࠶ࡿࠋไᚚᑐ㇟ࡣ㐃⥆⣔ࡢᚤศ᪉⛬ᘧ࡛⾲ࡉࢀࡿࡢ
ࡀ㏻౛࡛࠶ࡿࡀࠊࡇࢀࢆ㞳ᩓ໬ࡍࡿᡭἲࡣᩘࠎ࠶ࡾࠊᡭἲࡢ㑅ᢥ࡟ࡼࡾࠊィ⟬᫬㛫ࡣ኱ࡁ
ࡃኚ໬ࡍࡿࠋ 
ϫ࡟ࡘ࠸࡚ࡣࠊࡑࡶࡑࡶ͇ఱࢆ͆ィ⟬ࡍࡿ࠿ࡣࠊ᭱ࡶ㔜せ࡞ࢸ࣮࣐࡛࠶ࡿ࡜ゝ࠼ࡿࠋไ
ᚚᑐ㇟ࡢᩘᘧ⾲⌧ࡣᵝࠎ࡞ᡭἲࡀ࠶ࡾࠊ┠ⓗࢆ㐩ᡂࡍࡿ㏆ఝᗘࢆᣢࡕࠊ࠿ࡘ᭱ࡶィ⟬ࢆຠ
⋡ⓗ࡟⾜࠼ࡿᩘᏛࣔࢹࣝ㸦㸻ᩘᘧ㸧ࢆᑟฟࡍࡿ஦ࡀࠊィ⟬ࡢ㧗㏿໬࡟᭱ࡶ㈉⊩ࡋࠊࣜ࢔ࣝ
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ࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡢᛶ⬟ࢆỴᐃࡍࡿࠋ 
ᮏ◊✲ࡣࠊ୺࡟Ϫ࡜ϫ࡟ࡘ࠸࡚ࡢᨵၿࢆ⾜࠺ࡶࡢ࡛࠶ࡿࠋ 
 
1.4. MBD࡜ Vᆺ㛤Ⓨᡭἲ
 
MBD࡜ࡣ Model-Based DesignࡲࡓࡣModel-Based Developmentࡢ␎࡛࠶ࡾࠊ᪥ᮏ
ㄒ࡟࠾࠸࡚ࡣࠕࣔࢹ࣮ࣝ࣋ࢫ㛤Ⓨࠖ࡜ヂࡉࢀࡿࠋࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࢆᐇ⌧ࡍࡿ
࡟ࡣࠊ1.3⠇࡛♧ࡋࡓࡼ࠺࡟ࠊᩘᏛࣔࢹࣝࡢᢅ࠸ࡀ㘽࡛࠶ࡿࡀࠊThe Math Works♫ࡢ〇ရ
࡛࠶ࡾࠊ⾜ิィ⟬ࡸᖖᚤศ᪉⛬ᘧࣛ࢖ࣈࣛࣜࡢ㞟ྜయ࡛࠶ࡿMATLABࠊ࠾ࡼࡧࣈࣟࢵࢡ⥺
ᅗ࡟ࡼࡿグ㏙ࢆ⾜࠺ Simulink ࡟ࡼࡾࠊᩘᏛࣔࢹࣝࢆグ㏙ࡍࡿ஦ࡀࠊࡑࡢᢅ࠸ࡸࡍࡉࡼࡾࠊ
௒᪥࡛ࡣࢹࣇ࢓ࢡࢺࢫࢱࣥࢲ࣮ࢻ࡛࠶ࡿࠋ 
ࡇࡢMATLAB/Simulinkࢆ⏝࠸ࠊᩘᏛࣔࢹࣝࢆᇶ┙࡜ࡋࡓ㸦Model-Based㸧ไᚚࢯࣇࢺ
࢙࢘࢔㛤Ⓨᡭἲࡣࠊไᚚࢯࣇࢺ࢙࢘࢔㛤Ⓨࡢྛẁ㝵࡟࠾࠸࡚ࠊᵝࠎ࡞ᙧ࡛ά⏝ࡉࢀ࡚࠸ࡿ
ࡀࠊᅗ 1.5ࡼ࠺࡞ VᏐᆺࡢᅗᘧ࡛ㄝ᫂ࡍࡿ࡜ࠊࡇࢀࢆ⌮ゎࡋࡸࡍ࠸[18]-[22]ࠋ 
 
ᅗ 1.5 MBDࡀ᥎ዡࡍࡿ VᏐᆺ㛤Ⓨᡭἲ 
 
ᅗ 1.5 ࡢ V Ꮠᆺࡢ㛤ⓎᡭἲࡣࠊࡲࡎࠊV Ꮠࡢᕥୖ࡛ไᚚᑐ㇟࡜ࢥࣥࢺ࣮ࣟࣛࢆᩘᏛࣔࢹ
ࣝ࡜ࡋ࡚ᵓ⠏ࡋࠊᩘ್ࢩ࣑࣮ࣗࣞࢩࣙࣥࢆ⾜࠸ࢥࣥࢺ࣮ࣟࣛࡢไᚚタィࢆ᳨ドࡍࡿࠋࡇࢀ
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ࡣ࢜ࣇࣛ࢖࣭ࣥࢩ࣑࣮ࣗࣞࢩࣙࣥ࡜࿧ࡤࢀࠊ㛤Ⓨࡢ᪩࠸ẁ㝵࡟࠾࠸࡚ࠊไᚚᑐ㇟ࢆᐇ㦂࡟
⏝࠸ࡿࡇ࡜ࡀ࡛ࡁ࡞࠸ࠊ࠶ࡿ࠸ࡣࡑࡶࡑࡶไᚚᑐ㇟ࡀᏑᅾࡋ࡞࠸ẁ㝵࡟࠾࠸࡚ࠊไᚚᛶ⬟
ࡢጇᙜᛶࢆ᳨ドࡍࡿࡇ࡜ࡀྍ⬟࡜࡞ࡿࠋ 
ࡇࡢ᫬ Simulinkࢆ⏝࠸ࡿࡇ࡜࡛ࠊࢥࣥࢺ࣮࣭ࣟࣛࣔࢹࣝࢆࣈࣟࢵࢡ⥺ᅗ࡜ࡋ࡚ࢢࣛࣇ࢕
࢝ࣝ࡟⾲⌧ࡍࡿࡇ࡜ࡀ࡛ࡁࡿࡓࡵࠊไᚚタィ⪅࡟ࡣ C ࣉࣟࢢ࣒ࣛ➼ࡢ▱㆑ࡣᚲせ࡞ࡃࠊไ
ᚚࣟࢪࢵࢡࡢ㛤Ⓨ࡟ᑓᛕ࡛ࡁࡿࠋ 
ḟ࡟ࠊไᚚᑐ㇟ࢆᩘᏛࣔࢹࣝ࠿ࡽᐇ㝿ࡢไᚚᑐ㇟࡟⨨ࡁ᥮࠼ࠊࢥࣥࢺ࣮࣭ࣟࣛࣔࢹࣝ࡟
࡚┤᥋ไᚚᑐ㇟ࢆไᚚࡍࡿ RCP(Rapid Control Prototyping)࡜࿧ࡤࢀࡿᡭἲ࡟࡚ไᚚࣟࢪ
ࢵࢡࡢ᳨ドࢆ⾜࠺ࠋ 
ࡇࡇ࡛ࡣ MATLAB/Simulink ࡛タィࡉࢀࠊࣈࣟࢵࢡ⥺ᅗ࡜ࡋ࡚グ㏙ࡉࢀࡓࢥࣥࢺ࣮ࣟ
࣭ࣛࣔࢹࣝࢆ⏝࠸࡚┤᥋ไᚚᑐ㇟ࢆไᚚࡍࡿࠋࡑࡢࡓࡵࠊ๭ࡾ㎸ࡳฎ⌮ࡸᅛᐃᑠᩘⅬ₇⟬
ࡢࡼ࠺࡞ࣉࣟࢢ࣒ࣛ࡟㛵ࡍࡿ▱㆑ࢆᣢࡓ࡞࠸ไᚚタィ⪅࡛࠶ࡗ࡚ࡶࠊᐜ᫆࡟ᐇᶵࢆ⏝࠸ࡓ
᳨ドࢆ⾜࠺ࡇ࡜ࡀ࡛ࡁࡿࠋᐇ㝿࡟ࡣࣈࣟࢵࢡ⥺ᅗࡣ The Math Works♫ࡢ Simulink Coder
࡜࠸࠺ࢶ࣮ࣝ࡟ࡼࡾࣈࣟࢵࢡ⥺ᅗࡣ C ゝㄒ࡟ኚ᥮ࡉࢀࠊ࣐࢖ࢡࣟࣉࣟࢭࢵࢧ࡟ࡼࡾࣉࣟࢢ
࣒ࣛ࡜ࡋ࡚ᐇ⾜ࡉࢀࡿࡢ࡛࠶ࡿࡀࠊࡍ࡭࡚⮬ືⓗ࡟⾜ࢃࢀࡿࡓࡵࠊタィ⪅ࡀࣉࣟࢢ࣒ࣛࢆ
ព㆑ࡍࡿࡇ࡜ࡣ࡞ࡃࠊୖグࡢࡼ࠺࡟ࢥࣥࢺ࣮࣭ࣟࣛࣔࢹࣝࡀ┤᥋ไᚚᑐ㇟ࢆไᚚࡍࡿࠊ࡜
࠸࠺ឤぬ࡟࡞ࡿࠋ 
RCP ࡟౑⏝ࡍࡿࣁ࣮ࢻ࢙࢘࢔ࡣᇶᮏⓗ࡟ࡣࠊࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱ࡜ྠࡌᵓᡂࡀ
⏝࠸ࡽࢀࡿࠋRCP ࡜ࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱ࡜ࡢ㐪࠸ࡣࠊィ⟬ᑐ㇟ࡀࢥࣥࢺ࣮࡛ࣟࣛ
࠶ࡿ࠿ࠊไᚚᑐ㇟࡛࠶ࡿ࠿࡛࠶ࡿࡀࠊRCP ࡢሙྜࡣ⮬ື㌴ࡸ⯟✵ᶵ࡞࡝⛣ືࡍࡿไᚚᑐ㇟
࡟ᦚ㍕ྍ⬟࡛࠶ࡿࡇ࡜ࡀᚲせ࡛࠶ࡿࡓࡵࠊᙧ≧ࡣᑠᆺ࡛࠶ࡾࠊࣂࢵࢸࣜືసࡀྍ⬟࡛࠶ࡿ
ሙྜࡀከ࠸ࠋ 
 ḟ࡟ࠊV Ꮠࡢᗏ㎶࡟࡚ࠊᐇ㝿ࡢ⿦⨨࡟⤌ࡳ㎸ࡴࢯࣇࢺ࢙࢘࢔࡬ኚ᥮ࡍࡿࠋ ࡇࡇ࡛ࡣࠊ
ACG(Auto Code Generator)࡜࿧ࡤࢀࡿࢯࣇࢺ࢙࢘࢔࡟ࡼࡾ Simulinkୖࡢࣈࣟࢵࢡ⥺ᅗࢆ
⮬ືⓗ࡟ࠊᐇ㝿࡟〇ရ࡜ࡋ࡚౑⏝ྍ⬟࡞ࣞ࣋ࣝࡢຠ⋡࡜ಙ㢗ᛶࢆᣢࡘ C ゝㄒࣉࣟࢢ࣒ࣛ࡟
ኚ᥮ࡋࠊ〇ရ࡜ࡋ࡚ࡢࢥࣥࢺ࣮ࣟࣛ࡟ᐇ⿦ࡍࡿࠋ 
ࡇࡇ࡛⏝࠸ࡽࢀࡿ ACGࢶ࣮ࣝࡣ RCP࡛౑⏝ࡋࡓ Simulink Coder࡟ᑐࡋࠊ㔞⏘ࣞ࣋ࣝ
࡟ᑐᛂ࡛ࡁࡿࠊࡼࡾ㧗ຠ⋡࡞ࢥ࣮ࢻ⏕ᡂࡀྍ⬟࡞ࡶࡢ࡛࠶ࡿࠋ 
Simulink࡟࡚グ㏙ࡉࢀࡓไᚚ࢔ࣝࢦࣜࢬ࣒ࢆ┠ᶆ࡜ࡋ࡚ࠊCゝㄒࣉࣟࢢ࣒ࣛࢆ୍࠿ࡽᡭ
సᴗ࡛సᡂࡋ࡚࠸࡚ࡣࠊタィࡉࢀࡓไᚚ࢔ࣝࢦࣜࢬ࣒࡜ไᚚࢯࣇࢺ࢙࢘࢔ࡢ୍⮴ᛶࡀ␲ࢃ
ࡋࡃ࡞ࡾࠊRCP ࡛ࡢᐇ㦂⤖ᯝࡀព࿡ࢆ࡞ࡉ࡞ࡃ࡞ࡿࡓࡵࠊࡇࡢ ACG ࡢ㐺⏝ࡣ MBD ࡟࠾
࠸࡚ࡣࠊᴟࡵ࡚㔜せ࡞ࣉࣟࢭࢫ࡛࠶ࡿࠋ 
ࡉࡽ࡟ V Ꮠࡢྑഃ࡬㐍ࡳࠊࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱ࡟࡚ࢥࣥࢺ࣮ࣟࣛࡢᶵ⬟ࢆ᳨ド
ࡍࡿࠋࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡣࠊࡇࡢࡼ࠺࡞ V Ꮠᆺࡢ㛤Ⓨࣉࣟࢭࢫࡀ☜❧ࡍࡿ௨๓
࡟㛤Ⓨࡉࢀࠊࡲࡓ༢⊂࡛౑⏝ࡉࢀࡿࡇ࡜ࡶከ࠸ࡀࠊࣇ࢕࣮ࢻࣂࢵࢡไᚚࢯࣇࢺ࢙࢘࢔㛤Ⓨ
࡟࠾࠸࡚ᚲせ୙ྍḞ࡛࠶ࡿ௨ୖࠊMBD ࡟࠾࠸࡚ࡶ㔜せ࡞఩⨨࡙ࡅࢆ༨ࡵࡿࠋ࡞࠾ࠊMBD
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࡟࠾࠸࡚ࡣࠊHILS㸦ࣄࣝࢬ㸧࡞࠸ࡋ HIL㸦ࣄࣝࠊࡶࡋࡃࡣ࢚࢖ࢳ࣭࢔࢖࣭࢚ࣝ㸧࡜ࡢ࿧⛠
ࡀ ୍⯡ⓗ࡛࠶ࡿࠋ 
᭱ᚋࡢ V Ꮠࡢྑୖ࡛ࡣไᚚ⿦⨨࡜ไᚚᑐ㇟ࢆ᥋⥆ࡋࠊไᚚࣃ࣓࣮ࣛࢱࡢ᭱⤊ㄪᩚࡀ⾜ࢃ
ࢀࡿࠋࡇࢀࡲ࡛ࡣᩘᏛࣔࢹࣝࢆ౑⏝ࡋࡓ㛤Ⓨ࡛࠶ࡗࡓࡀࠊᩘᏛࣔࢹࣝ࡜ᐇไᚚᑐ㇟ࡣᚲࡎ
ࡋࡶྠ୍࡛ࡣ࡞࠸ࠋ᭱⤊ⓗ࡞ၟရࣞ࣋ࣝࡢࢥࣥࢺ࣮ࣟࣛ࡜ࠊᐇ㝿ࡢไᚚᑐ㇟ࡢ⤌ࡳྜࢃࡏ
࡟࠾ࡅࡿ᭱⤊ㄪᩚࡣᚲせ୙ྍḞ࡛࠶ࡿࠋ 
 
 ࣃ࣮࢚࣡ࣞࢡࢺࣟࢽࢡࢫࡢศ㔝࡟࠾࠸࡚ࡶࠊࡇࡢࡼ࠺࡞MBDࡢᡭἲࢆ㐺⏝ࡍࡿ஦࡟ࡼࡾࠊ
ไᚚࢯࣇࢺ࢙࢘࢔㛤Ⓨࡢຠ⋡໬ࡀᮇᚅࡉࢀࡿࠋ 
ࡋ࠿ࡋ࡞ࡀࡽࠊ⌧᫬Ⅼ࡟࠾࠸࡚ࡣࠊไᚚ࿘ᮇࡢၥ㢟࡟ࡼࡾࠊRCPࡢᐇ⾜ࡸHILࡢᵓ⠏ࡀ
ᅔ㞴࡛࠶ࡿࡓࡵࠊࣃ࣮࢚࣡ࣞࢡࢺࣟࢽࢡࢫࡢศ㔝࡟࠾࠸࡚ࡣMBDࡢ㛤Ⓨࣉࣟࢭࢫࢆ༑ศ࡟
ά⏝ࡍࡿ஦ࡣ࡛ࡁ࡞࠸ࠋࡋ࠿ࡋᮏ◊✲࡟࠾࠸࡚ࠊィ⟬࢔ࣝࢦࣜࢬ࣒ࡢᨵၿ࡟ࡼࡾࠊ୪ิࣉ
ࣟࢭࢵࢧ࡞࡝ࡢ㧗౯࡞ࣁ࣮ࢻ࢙࢘࢔ࢆ⏝࠸ࡿࡇ࡜࡞ࡃࠊ20kHz ࡢࢫ࢖ࢵࢳࣥࢢ࿘ᮇ࡟ᑐᛂ
ࡍࡿ HIL ࡀᵓ⠏࡛ࡁࡿࡇ࡜ࡀ♧ࡉࢀࡓࡇ࡜࡟ࡼࡾࠊMBD ࡢᑟධࡀಁ㐍ࡉࢀࡿࡶࡢ࡜ᛮࢃ
ࢀࡿࠋ 
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2❶  ᖖᚤศ᪉⛬ᘧࡢᩘ್ゎἲ
 
ᮏ❶࡛ᑐ㇟࡟ࡍࡿᚤศ᪉⛬ᘧࡣᖖᚤศ᪉⛬ᘧ(ODE: Ordinary Differential Equation)
࡛࠶ࡾࠊᘧ(2-1)࡛⾲ࡉࢀࡿࠋ 
ࡇࡇ࡛ࠊXࡣ࣋ࢡࢺ࡛ࣝ࠶ࡾࠊ㧗㝵ࡢ᪉⛬ᘧࡣ࣋ࢡࢺࣝࡢḟඖࢆቑࡸࡋ࡚⾲⌧ࡍࡿࠋ 
 tf
dt
d ,XX    (2-1) 
ࡇࢀ࡟ᑐࡋࠊᘧ(2-2)࡛⾲⌧ࡉࢀࡿࠊ㝜ⓗᚤศ᪉⛬ᘧࡣ DAE㸦Differential Algebraic 
Equation㸧࡜࿧⛠ࡉࢀࡿࡀ[23]ࠊࡇࡢᙧ࡟࡞ࡿᅇ㊰᪉⛬ᘧࡢᐃᘧ໬ᡭἲࢆᮏㄽᩥ࡛ࡣᑐ㇟
࡜ࡋ࡚࠸࡞࠸ࡓࡵࠊࡇࢀ࡟ᑐࡍࡿᩘ್ゎἲࡶࠊᮏㄽᩥ࡛ࡣྠࡌࡃᑐ㇟እ࡜ࡍࡿࠋ 
  XXXX
dt
dtf    0,,  (2-2) 
 
2.1. ィ⟬ࢫࢸࢵࣉ࡜ࣜ࢔ࣝࢱ࢖࣒ᛶ
 
ࢫ࢖ࢵࢳࣥࢢᅇ㊰⏝ࡢࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣑࣮ࣗࣞࢱ࡜ࡣࠊࢫ࢖ࢵࢳࣥࢢᅇ㊰ࢆ⾲⌧ࡍ
ࡿᅇ㊰᪉⛬ᘧࡢ㐣Ώゎᯒࢆᐇ᫬㛫࡛⾜࠸ࠊᅇ㊰᪉⛬ᘧࡀព࿡ࡍࡿ≀⌮ⓗ࡞ືసࢆ෌⌧ࡍࡿࠊ
ࢩ࣑࣮ࣗࣞࢩࣙࣥ⿦⨨࡛࠶ࡿࠋ  
 ௒᪥ࠊࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡣࢹࢪࢱࣝィ⟬ᶵ࡟ࡼࡾᐇ⌧ࡉࢀࡿࡀࠊࢹࢪࢱࣝィ
⟬ᶵ࡟࠾ࡅࡿᅇ㊰᪉⛬ᘧࡢ㐣Ώゎᯒࠊࡍ࡞ࢃࡕᅇ㊰᪉⛬ᘧࡢ᫬㛫㍈ᛂ⟅࡜ࡣࠊᡤᐃࡢ㞳ᩓ
໬᫬㛫ࠊࡍ࡞ࢃࡕィ⟬ࢫࢸࢵࣉ࡟ࡼࡾ㞳ᩓ໬ࡉࢀࠊᕪศ᪉⛬ᘧ࡟ኚ᥮ࡉࢀࡓᚤศ᪉⛬ᘧࢆࠊ
㏲ḟⓗ࡟ィ⟬ࡋ࡚࠸ࡃࡇ࡜࡛࠶ࡿࠋᚑࡗ࡚ࠊࡇࢀࢆᐇ᫬㛫࡛⾜࠺࡜ࡣࠊィ⟬࡟ᚲせ࡞᫬㛫
ࡀࠊ㞳ᩓ໬࡟౑⏝ࡋࡓィ⟬ࢫࢸࢵࣉ᫬㛫ࡼࡾ▷࠸ࡇ࡜஦ࢆព࿡ࡍࡿࠋ 
ࡑࡢࡓࡵ࡟ࠊィ⟬ࢫࢸࢵࣉࢆࠊᚲせ࡜࡞ࡿィ⟬᫬㛫࡟ྜࢃࡏ࡚ᘏ㛗ࡍࡿ࡜࠸࠺㏫㌿ࡢⓎ
᝿ࡶ࠶ࡾ࠺ࡿࡀࠊࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡀࢥࣥࢺ࣮ࣟࣛࡢไᚚࢯࣇࢺ࢙࢘࢔ࡢ㛤Ⓨ
ࢆ┠ⓗ࡜ࡍࡿ஦ࡼࡾࠊࡇࢀࡣᡂ❧ࡋ࡞࠸ࠋࡍ࡞ࢃࡕไᚚࢯࣇࢺ࢙࢘࢔࡟ᑐࡋ࡚ᐇไᚚᑐ㇟
࡟௦᭰ࡍࡿಙྕࢆ୚࠼ࡿࡓࡵ࡟ࡣࠊィ⟬ࢫࢸࢵࣉࡣไᚚ࿘ᮇࡢ 1/5~1/20࡛࠶ࡿᚲせࡀ࠶ࡾ
[17]ࠊィ⟬ࢫࢸࢵࣉ᫬㛫ࢆࡇࢀࡼࡾ㛗ࡃタᐃࡍࡿ஦ࡣ࡛ࡁ࡞࠸ࠋ 
 ࡉࡽ࡟ࠊィ⟬ࢫࢸࢵࣉࡢᘏ㛗ࡣࠊᩘ್ィ⟬ࡢᏳᐃᛶ࡜࠸࠺Ⅼ࠿ࡽࡶไ⣙ࢆཷࡅࡿࠋᚤศ
᪉⛬ᘧࡢᩘ್ゎἲࡢከࡃࡣࠊィ⟬ࢫࢸࢵࣉ᫬㛫ࡀᡤᐃࡢ᮲௳ࢆ‶ࡓࡉ࡞࠸ሙྜࠊィ⟬ࡀⓎ
ᩓࡍࡿ[24]ࠋᚑࡗ࡚ࠊ㑅ᢥࡍࡿゎᩘ್ἲ࡟㐺ࡋࡓィ⟬ࢫࢸࢵࣉࢆ㑅ᐃࡍࡿࡇ࡜ࡶࡲࡓ㔜せ࡛
࠶ࡿࠋ 
 SPICE ࡞࡝ࡢỗ⏝ᅇ㊰ࢩ࣑࣮ࣗࣞࢱ࡟࠾࠸࡚ࡣࠊᐇ᫬㛫ᛶࡢไ⣙ࡀ↓࠸ࡓࡵࠊィ⟬ࢫࢸ
ࢵࣉࡣ୺࡟ィ⟬⢭ᗘ࡟ࡼࡾỴᐃࡉࢀࡿࠋᚑࡗ࡚ィ⟬⢭ᗘ࡟ᛂࡌ࡚ィ⟬ࢫࢸࢵࣉࢆ㏲ḟኚ᭦
ࡍࡿྍኚࢫࢸࢵࣉࡢᡭἲࡀࠊ᭱ࡶᐇ⏝ⓗ࡞㑅ᢥ࡜࡞ࡿࠋྍኚࢫࢸࢵࣉࢆ᥇⏝ࡋࡓሙྜࡣࠊ
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ࢫࢸࢵࣉᖜࡀⴭࡋࡃ▷ࡃࠊ࠶ࡿ࠸ࡣ㛗ࡃ࡞ࡿሙྜࡀ࠶ࡿࡀࠊ࠸࠿࡞ࡿࢫࢸࢵࣉᖜ࡟࠾࠸࡚
ィ⟬ࡀ୙Ᏻᐃ࡟࡞ࡿࡇ࡜ࡣ㑊ࡅࡿ࡭ࡁ࡛࠶ࡿ࠿ࡽࠊィ⟬Ᏻᐃᛶ࡟ඃࢀࡓྎᙧ✚ศἲࡸᚋ㏥
ᚤศබᘧ㸦BDF㸸Backward Difference Formula㸭Gearἲ㸧࡞࡝ࡀ⏝࠸ࡽࢀࡿഴྥࡀ࠶ࡿࠋ 
 ࡋ࠿ࡋ࡞ࡀࡽࠊࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱ࡜ࡋ࡚ࡢほⅬ࡛ࡣࠊୖグࡢࡈ࡜ࡃࠊィ⟬ࢫ
ࢸࢵࣉࡢୗ㝈ࡣィ⟬㏿ᗘࠊୖ㝈ࡣࢥࣥࢺ࣮ࣟࣛࡢไᚚ࿘ᮇ࡛つᐃࡉࢀࡿࡓࡵࠊỗ⏝ᅇ㊰ࢩ
࣑࣮ࣗࣞࢱ࡜ࡣ␗࡞ࡿほⅬࡀᚲせ࡛࠶ࡿࠋ 
ᮏ❶࡛ࡣ୍⯡ⓗ࡟▱ࡽࢀ࡚࠸ࡿᖖᚤ᪉⛬ᘧࡢᩘ್ゎἲࡢィ⟬⢭ᗘ࡜Ᏻᐃᛶࢆㄪ࡭ࠊࣜ࢔
ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱ࡜ࡋ࡚᭱㐺࡞ィ⟬ᡭἲࢆỴᐃࡍࡿࠋ 
 
2.2. ᩘ್ィ⟬ࡢᏳᐃᛶ
 
ୖ㏙ࡢࡼ࠺࡟ࠊィ⟬ࢫࢸࢵࣉࡣࠊィ⟬ࡢ⢭ᗘ࡜Ᏻᐃᛶࡀ⪃៖ࡉࢀ࡞ࡅࢀࡤ࡞ࡽ࡞࠸ࠋᚤ
ศ᪉⛬ᘧࡢᩘ್ゎἲ࡟࠾࠸࡚ࡣࠊᑐ㇟࡜࡞ࡿᚤศ᪉⛬ᘧࡣᚲࡎࡋࡶ⥺ᙧ࡛࠶ࡿࡇ࡜࡟㝈ࡽ
࡞࠸ࡀࠊィ⟬ࡢᏳᐃᛶࡣࠊྛィ⟬ࡢ 1 ࢫࢸࢵࣉ࡟࠾ࡅࡿၥ㢟࡛࠶ࡾࠊࡇࡢ㸯ࢫࢸࢵࣉ࡟࠾
࠸࡚ࡣ⥺ᙧ࡜ぢ࡞ࡍࡇ࡜ࡀ࡛ࡁࡿࡓࡵࠊ⥺ᙧ᪉⛬ᘧࢆ⏝࠸࡚㆟ㄽࡉࢀࡿࠋ 
⥺ᙧࡢᖖᚤศ᪉⛬ᘧࢆ࣋ࢡࢺࣝ X࡜⾜ิ Aࢆ⏝࠸࡚⾲ࡍ࡜ࠊ 
   tAXtX
dt
d     (2-3) 
 
࡛࠶ࡿࡀࠊ 
ࡇࢀࢆᅛ᭷್ኚ᥮ࡍࡿ࡜ࠊ 
   tYtY
dt
d /    (2-4) 
 
࡜࡞ࡿࠋ 
ࡇࡇ࡛ȃࡣ⾜ิ A ࡢᅛ᭷್ࢆᑐゅせ⣲࡜ࡋ࡚ᣢࡘᑐゅ⾜ิ࡛࠶ࡿ࠿ࡽࠊᘧ(2-4)ࡣ㐃❧ࡢ
ࢫ࣮࢝ࣛ᪉⛬ᘧ࡛࠶ࡾࠊᘧ(2-5)࡜࡞ࡿࠋ 
   tyty
dt
d O  (2-5) 
࡞࠾ࠊࡇࡢᘧࡣ Dahlquistࡢࢸࢫࢺ᪉⛬ᘧ࡜࿧ࡤࢀ[25]ࠊᖖᚤศ᪉⛬ᘧࡢᩘ್ゎἲࡢ≉ᚩ
ࢆẚ㍑ࡍࡿሙྜ࡟ࠊከࡃ౑⏝ࡉࢀࡿࠋ 
 
ࡇࡢᚤศ᪉⛬ᘧࡣࠊRe(Ȣ)<0 ࡛࠶ࢀࡤ௵ពࡢึᮇ್࡟࠾࠸࡚ x(҄)=0 ࡛࠶ࡿ࠿ࡽࠊࡇࢀ
ࢆ㞳ᩓ໬ࡋࠊᩘ್✚ศࡋࡓሙྜࡶࠊx҄=0࡛࠶ࡿࡇ࡜ࡀᮇᚅࡉࢀࡿࠋ 
ࡇࡢ᮲௳ࡣࠊ௵ពࡢ n࡟࠾࠸࡚ࠊ 
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,...2,11  d nxx nn  (2-6) 
࡛࠶ࡿ஦ࢆព࿡ࡍࡿࡓࡵࠊᘧ(2-6)ࢆ‶ࡓࡍᩘ್ゎἲࡣࠊィ⟬ࡀⓎᩓࡋ࡞࠸ࠋࡍ࡞ࢃࡕᏳᐃ
࡞ィ⟬ࡀྍ⬟࡛࠶ࡿ࡜ゝ࠺ࡇ࡜ࡀ࡛ࡁࡿࠋ㸦Re㸦Ȣ㸧>=0࡛࠶ࢀࡤࠊࢸࢫࢺ᪉⛬ᘧ⮬యࡀ୙
Ᏻᐃࠊ࠶ࡿ࠸ࡣῶ⾶ࡢ࡞࠸᣺ື࡛࠶ࡿ࠿ࡽࠊࡇࡢ᮲௳࡟࠾ࡅࡿᩘ್Ᏻᐃᛶࡣ࠶ࡲࡾព࿡ࢆ
ࡶࡓ࡞࠸㸧 
௨ᚋ࡟ྛ✀ࡢᖖᚤศ᪉⛬ᘧࡢィ⟬⢭ᗘࠊ୪ࡧ࡟ィ⟬Ᏻᐃᛶࠊࡍ࡞ࢃࡕᘧ(2-6)ࢆ‶ࡓࡍ᮲
௳ࢆ᫂ࡽ࠿࡟ࡍࡿࠋ 
 
2.3. 1ẁ㝵ἲ
 
1 ẁ㝵ἲ࡜ࡣࠊ㞳ᩓ໬ࡉࢀࡓ࣋ࢡࢺࣝ Xn+1ࢆồࡵࡿ࡟㝿ࡋࠊXnࠊXn+1࠾ࡼࡧࡇࢀࡽ࠿ࡽ
ィ⟬ࡉࢀࡓࠊf(Xn,tn)ࠊf(Xn+1,tn+1)ࡢࡳࢆ౑⏝ࡍࡿࠊ࠸ࢃࡤ┤๓ࡢ㐣ཤ௨እࡢᒚṔࡣ౑⏝ࡋ࡞
࠸ィ⟬ᡭἲ࡛࠶ࡿࠋ 
 
2.3.1. ๓㐍 Eulerἲ
 
๓㐍 Eulerἲࡣࠊ᭱ࡶ༢⣧࡛࠶ࡿࡀ඲࡚ࡢゎἲࡢᇶᮏ࡛࠶ࡿࠋ 
௨ୗ࡟ࢫ࣮࢝ࣛ᪉⛬ᘧ࡛⾲ࡍࡀࠊ 
 txfx
dt
d ,  (2-7) 
࡜⾲ࡉࢀࡿᖖᚤศ᪉⛬ᘧ࡟࠾࠸࡚ࠊィ⟬ࢫࢸࢵࣉࢆ h࡜ࡍࡿ࡜ࠊ 
n>0ࡢᩚᩘ n࡟ࡼࡾࠊtn=nh࡛࠶ࢀࡤࠊ 
 nn txx   (2-8) 
࡜㞳ᩓ໬ኚᩘ xnࡀ୚࠼ࡽࢀࡓ࡞ࡽࠊ 
 nnnn txhfxx ,1     (2-9)  
࡜ィ⟬ࡍࡿࡶࡢࡀࠊ๓㐍 Eulerἲ࡛࠶ࡿࠋ 
 
๓㐍 Eulerἲࡣ xn+1ࢆィ⟬ࡍࡿ࡟ᙜࡓࡾࠊxn௨እࢆᚲせ࡜ࡋ࡞࠸ࠋᚑࡗ࡚ n=0ࡼࡾ㡰␒
࡟ィ⟬ࡋ࡚࠸ࡅࡤࠊゎࢆᚓࡿࡇ࡜ࡀ࡛ࡁࡿࠋ 
ࡇࡢࡼ࠺࡞ィ⟬ᡭἲࢆ㝧ゎἲ㸦Explicit Method㸧࡜࿧ࡪࠋ 
 
2.3.2. ๓㐍 Eulerἲࡢ⤯ᑐᏳᐃ㡿ᇦ
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Dahlquistࡢࢸࢫࢺ᪉⛬ᘧ࡟๓㐍 Eulerἲࢆ㐺⏝ࡍࡿ࡜ࠊ 
  nnnn xhxhxx OO    11  (2-10) 
࡛࠶ࡿࠋᚑࡗ࡚ࠊ 
  11 d Oh  (2-11) 
࡛࠶ࢀࡤࠊᘧ(2-6)ࢆ‶ࡓࡍ஦࡟࡞ࡿࠋ 
 
 ᅗ 2.1 ๓㐍 EulerἲࡢᏳᐃ㡿ᇦ 
 
ࡇࡢ࡜ࡁࠊᘧ(2-6)ࢆ‶ࡓࡍ z=hȢࢆ」⣲ᖹ㠃ୖ࡟⾲ࡋࡓࡶࡢࢆ⤯ᑐᏳᐃ㡿ᇦ࡜࿧ࡪࠋ๓
㐍 Eulerἲࡢሙྜࡣࠊᘧ(2-11)࡛࠶ࢀࡤࠊᘧ(2-6)ࢆ‶ࡓࡍࠋᘧ(2-11)ࢆ‶ࡓࡍ z=hȢࡢ㡿ᇦ
ࢆᅗ 2.1࡟♧ࡍࠋࡍ࡞ࢃࡕࠊィ⟬ᑐ㇟ࡢ᪉⛬ᘧࡀᣢࡘᅛ᭷್Ȣ࡟ᑐࡋࠊz=hȢࡀᅗ 2.1ࡢ⤯
ᑐᏳᐃ㡿ᇦ࡜࡞ࡿ hࢆ㑅ᢥࡋ࡞ࡅࢀࡤࠊィ⟬ࡀⓎᩓࡋ࡚ࡋࡲ࠺ࡢࡀ๓㐍 Eulerἲ࡛࠶ࡿࠋ 
 
2.3.3. ᚋ㏥ Eulerἲ
 
๓㐍 Eulerἲ࡛ࡣࠊ 
 nn txfxdt
d ,  (2-12) 
࡞ࡿ㛵ಀࢆ⏝࠸࡚࠸ࡿࡀࠊ 
ࡇࢀࢆ 
 11,  nn txfxdt
d  (2-13) 
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࡜ࡋࡓࡶࡢࡀࠊᚋ㏥ Eulerἲ࡛࠶ࡿࠋ 
ᚑࡗ࡚ࠊィ⟬ᘧࡣ 
 111 ,   nnnn txhfxx  (2-14) 
࡜࡞ࡿࠋ๓㐍 Eulerἲ࡜ᚋ㏥ Eulerἲࡢ㐪࠸ࢆᅗ 2.2࡟⾲ࡍࠋ 
 
 
 
ᅗ 2.2 ๓㐍 Eulerἲ࡜ᚋ㏥ Eulerἲࡢ✚ศᡭἲࡢ⪃࠼᪉ࡢ㐪࠸ 
 
ᚋ㏥ Eulerἲࡣࠊxn+1ࢆィ⟬ࡍࡿ࡟࠶ࡓࡾࠊf(xn+1,tn+1)ࢆᚲせ࡜ࡍࡿࠋࡍ࡞ࢃࡕᘧࡢ୧㎶
࡟ྠࡌኚᩘࡀ⌧ࢀࡿࡓࡵࠊィ⟬࡟ᕤኵࡀᚲせ࡜࡞ࡿࠋ 
ࡇࡢࡼ࠺࡞ィ⟬ᡭἲࢆ㝜ゎἲ㸦Implicit Method㸧࡜࿧ࡪࠋ 
 
2.3.4. ᚋ㏥ Eulerἲࡢ⤯ᑐᏳᐃ㡿ᇦ
 
ᚋ㏥ Eulerἲ࡟ࢸࢫࢺ᪉⛬ᘧࢆ㐺⏝ࡍࡿ࡜ࠊ 
  
 
(2-15)  
 
௨ୖࡼࡾ⤯ᑐᏳᐃ㡿ᇦࡣ 
  11
1 d Oh       (2-16) 
࡛࠶ࡾࠊᅗ 2.3࡜࡞ࡿࠋ 
ᚋ㏥ Eulerἲ࡛ࡣࠊᏳᐃ࡞ᚤศ᪉⛬ᘧ㸦Ȣࡢᐇ㒊ࡀ㈇㸧ࡣࡍ࡭࡚Ᏻᐃ࡟ィ⟬ྍ⬟࡛࠶ࡿࠋ 
  nn
nnn
xxh
xhxx
 
 


1
11
1 O
O
๓㐍 Eulerἲ ᚋ㏥ Eulerἲ 
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ᅗ 2.3 ᚋ㏥ EulerἲࡢᏳᐃ㡿ᇦ 
 
2.3.5. ྎᙧ✚ศἲ
 
ᅗ 2.2 ࢆぢࡿ࡜ࠊ๓㐍 Euler ἲࠊᚋ㏥ Euler ἲ࡜ࡶ࡟ィ⟬ㄗᕪࡀⓎ⏕ࡍࡿࡀࠊ୧⪅ࢆᖹ
ᆒ໬ࡍࡿ࡜ࠊㄗᕪࡀᑡ࡞ࡃ࡞ࡿࡇ࡜ࡀ┤ឤⓗ࡟᥎ ࡛ࡁࡿࠋࡇࢀࡀྎᙧ✚ศἲ࡛࠶ࡿࠋ 
⌮ㄽⓗ࡟ࡣࠊ๓㐍 Euler ἲ࡜ᚋ㏥ Euler ἲࡣࠊࡑࢀࡒࢀᘧ(2-17)ࡢ xn+1ࡢ xn࡛ࡢ Tyler
ᒎ㛤ࠊ࠾ࡼࡧᘧ(2-18)ࡢ xnࡢ xn+1࡛ࡢ Tylerᒎ㛤ࢆࠊhࡢ 1ḟࡢ㡯࡛ᡴࡕษࡗࡓࡶࡢ࡛࠶ࡿ
࠿ࡽࠊh2௨㝆ࡢ㡯ࡀㄗᕪ࡜ࡋ࡚ṧࡿࠋ 
 
           ...
!32 3
33
2
22
11 nnnnnnn txdt
dhtx
dt
dhtx
dt
dhtxhtxtxx         (2-17) 
           ...
!32 13
33
12
22
111     nnnnnnn txdt
dhtx
dt
dhtx
dt
dhtxhtxtxx   (2-18) 
 
           ...
!3!3 13
33
3
33
111    nnnnnnnn txdt
dhtx
dt
dhtx
dt
dhtx
dt
dhtxtxxx  (2-19) 
 
ࡇࢀ࡟ᑐࡋࠊᘧ(2-17)࠿ࡽᘧ(2-18)ࢆᘬ࠸࡚ᘧ(2-19)ࢆసࡾࠊ2࡛๭ࡗࡓሙྜࠊ2ḟࡢ㡯ࡀ
ᡴࡕᾘࡉࢀࠊh3௨㝆ࡢ㡯ࡀㄗᕪ࡜ࡋ࡚ṧࡿࠋࡇࡢࡼ࠺࡞ሙྜࠊࡇࡢィ⟬ᡭἲࡣ 2 ḟ࡛㐺ྜ
ࡋ࡚࠸ࡿࠊ࠶ࡿ࠸ࡣ 2ḟࡢ⢭ᗘࡀ࠶ࡿ࡜࠸࠺ࠋ 
 ࡇࡇ࡛ࠊᘧ(2-19)ࡼࡾ h3௨ୖࡢ㡯ࢆᡴࡕษࡾࠊ 
 nn txx       (2-20) 
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nnn txfxdt
d ,   (2-21) 
ࢆ㐺⏝ࡋ࡚ᚓࡽࢀࡿᘧ(2-22)ࡣྎᙧ✚ศἲ࡜ゝࢃࢀࠊ2ḟ࡛㐺ྜࡋࡓゎἲ࡛࠶ࡿࠋ 
   ^ `nnnnnn txftxfhxx ,,2 111    (2-22) 
 
2.3.6.  ྎᙧ✚ศἲࡢ⤯ᑐᏳᐃ㡿ᇦ
 
ྠᵝ࡟ᘧ(2-22)࡟ࢸࢫࢺ᪉⛬ᘧ㐺⏝ࡍࡿ࡜ࠊ 
  
 
 
(2-23) 
 
  12
2 d

O
O
h
h         (2-24) 
ᘧ(2-24)ࢆ⾲ࡍ㡿ᇦࡣᅗ 2.4࡛࠶ࡿࡀࠊࡇࢀࡣ」⣲ᖹ㠃ୖࡢᕥ༙ᖹ㠃࡟୍⮴ࡍࡿࠋࡍ࡞ࢃ
ࡕࠊྎᙧ✚ศἲࡢ⤯ᑐᏳᐃ㡿ᇦࡣࠊ㐃⥆⣔ࡢࢸࢫࢺ᪉⛬ᘧࡢᏳᐃ㡿ᇦ࡜୍⮴ࡍࡿࠋ 
ࡇࡢࡼ࠺࡟ࠊᩘ್ゎἲࡢᏳᐃ㡿ᇦࡀඖࡢ㐃⥆⣔ࡢ᪉⛬ᘧࡢᏳᐃ㡿ᇦࠊࡍ࡞ࢃࡕᕥ༙ᖹ㠃
ࢆྵࡴᛶ㉁ࢆ AᏳᐃ㸦A-Stable㸧࡜࿧ࢇ࡛࠸ࡿ[25]ࠋᚋ㏥ Eulerἲࡣ AᏳᐃ࡛࠶ࡿࡀࠊ๓
㐍 Eulerἲࡣ AᏳᐃ࡛ࡣ࡞࠸ࠋ 
A Ᏻᐃ࡛࠶ࢀࡤࠊᏳᐃ࡞㐃⥆⣔ࡢ᪉⛬ᘧࡣࠊ࠸࠿࡞ࡿ h ࡟࠾࠸࡚ࡶᏳᐃ࡟ィ⟬࡛ࡁࡿࡓ
ࡵࠊࡇࢀࡣᴟࡵ࡚㔜せ࡞ᛶ㉁࡛࠶ࡿࠋ 
 
ᅗ 2.4 ྎᙧ✚ศἲࡢᏳᐃ㡿ᇦ 
 
 
nn
nnnn
xhxh
xxhxx
¹¸
·
©¨
§  ¹¸
·
©¨
§ 
 


2
1
2
1
2
1
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2.3.7. Runge-Kuttaἲ
 
 ୖ㏙ࡢࡼ࠺࡟ࠊ๓㐍㸭ᚋ㏥EulerἲࡣࠊTylerᒎ㛤ࢆ 1ḟ࡛ᡴࡕษࡗࡓ㏆ఝゎ࡛࠶ࡿ࠿ࡽࠊ
ᡴࡕษࡿ㡯ࢆࠊࡼࡾ㧗ḟࡢ㡯࡜ࡍࢀࡤࠊィ⟬⢭ᗘࡢྥୖࡀᮇᚅ࡛ࡁࡿࠋ 
ࡋ࠿ࡋࠊ1 㝵ࡢᚤศ್ࡣࠊ   ),( txftx
dt
d  ࡜୚࠼ࡽࢀ࡚࠸ࡿࡀࠊࡼࡾ㧗㝵ࡢᚤศ್ࡣ୚࠼
ࡽࢀ࡚࠸࡞࠸ࠋࡑࡇ࡛ࡇࢀࢆࠊࡸࡣࡾ Tylerᒎ㛤ࢆ⾜࠸㏆ఝ್࡜ࡋ࡚ᚓࡿࠋ 
 
ࡍ࡞ࢃࡕࠊ௵ពࡢಀᩘ a,b ࢆᣢࡘ   ),,( ahttxbhfxf  ࡜࠸࠺ᘧࢆᑟධࡋࠊࡇࢀ࡟ 2 ኚ
ᩘࡢ Tylerᒎ㛤ࢆ 1ḟࡲ࡛⾜࠺ࠋ 
    ),(),(,),(),,( txf
t
ahtxf
x
txbhftxfahttxbhfxf w
ww
w|       (2-25) 
 
୍᪉ x(t)࡟ᑐࡍࡿ 2㝵ࡢᑟ㛵ᩘࡣ   ),( txftx
dt
d  ࢆ⏝࠸࡚ࠊ 
  ),(),(),(),(),(),(2
2
txf
t
txf
x
txftxf
t
txf
dt
dx
x
txf
dt
dtx
dt
d
w
ww
w w
ww
w   (2-26) 
  
࡜ᑟࡃࡇ࡜ࡀ࡛ࡁࡿࠋ 
ᘧ(2-25)࡜ᘧ(2-26)ࢆẚ㍑ࡍࡿ࡜ࠊa=1ࠊb=1࡛࠶ࢀࡤࠊ 
     txfhttxhfxftx
dt
dh ,),,(2
2
|           (2-27) 
࡛࠶ࡿ࠿ࡽࠊTylerᒎ㛤ࡢ 1ḟࡢ⢭ᗘ୍࡛⮴ࡍࡿ஦ࡀࢃ࠿ࡿࠋ 
ᚑࡗ࡚ࠊᘧ(2-27)ࢆᘧ(2-17)ࡢ 2㝵ᚤศ㡯࡟௦ධࡋ࡚ 
  
 
 
(2-28) 
 
ࡀᚓࡽࢀࡿࠋ 
ᘧ(2-27)ࡢ㏆ఝ⢭ᗘࡣ hࡢ 1ḟ࡛࠶ࡿࡀࠊࡉࡽ࡟ hࡀ஌ࡌ࡚౑⏝ࡉࢀࡿࡓࡵ࡟᭱ࠊ ⤊ⓗ࡟
ࡣ hࡢ 2ḟࡢ⢭ᗘࡀᚓࡽࢀࡿࠋ௨ୖࡣᨵⰋ Eulerἲࠊ㝧ⓗྎᙧἲࠊ࠶ࡿ࠸ࡣ Heunἲ࡜࿧
ࡤࢀࡿィ⟬ᡭἲ࡛࠶ࡿࠋ 
ࡲࡓୖࠊ グ a,b࡟ࡣࠊ௚࡟ࡶゎࡀ࠶ࡾࠊಟṇ Euler࡜ࡋ࡚▱ࡽࢀࡿ㝧ⓗ୰Ⅼἲ࡞࡝ࡀ࠶ࡿ
[26]㸦ࡓࡔࡋࠊ㝧ⓗྎᙧἲࢆಟṇ Euler ἲ࡜࿧ࡪ౛[27]ࡶ࠶ࡿࡢ࡛ࠊΰ஘ࢆ㑊ࡅࡿ࠺࠼࡛ࠊ
୰Ⅼἲࠊ㝧ⓗྎᙧἲ࡜࿧ࡪ᪉ࡀ↓㞴࡛࠶ࡿ㸧ࠋ 
       
     httxhfxftxfhx
txfhttxhfxfhtxhfxx
nnnn
nnnnnn
 
 
,,,
2
,,,
2
,1
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 ௨ୖࡢᡭἲࡣࠊ2 ḟࡼࡾ㧗࠸㡯࡟ᑐࡋ࡚ࡶ㐺⏝ࡍࡿ஦ࡀ࡛ࡁࠊC. Runge.࡜ M.W.Kutta
࡟ࡼࡾࠊィ⟬࡟せࡍࡿᅇᩘ㸦ẁᩘ㸧ࢆ s࡜ࡋ࡚ࠊ 
 
(2-29) 
       
(2-30) 
 
࡜ࠊ୍⯡ⓗ࡞ᙧ࡟ᐃᘧ໬ࡉࢀ࡚࠸ࡿࠋࡇࢀࡀᗈ⩏ࡢ Runge-Kuttaἲ࡛࠶ࡿࠋ 
࡞࠾ࠊࡇࡇ࡟⾲ࢀࡿಀᩘ a,b,cࡣ Butcher Table࡜ࡋ࡚▱ࡽࢀࡿࠊ௨ୗࡢグἲ࡟ࡼࡾ⾲⌧ࡉ
ࢀࡿࡇ࡜ࡀከ࠸ࠋ 
⾲ 2-1 Butcher Table 
c1
c2
㸸
cs
a11  a12  ͐ a1s 
a21 a22 ͐ a2s 
㸸      㸸 
as1 as2 ͐ ass 
 b1  b2  ͐ bs 
 
㏻ᖖࡣ Runge-Kutta ἲ࡜࠸࠺࿧⛠ࡣࠊィ⟬㈇Ⲵ࡟ᑐࡋ࡚ィ⟬⢭ᗘࡀ᭱ࡶඃࢀࡿ௨ୗࡢ
Butcher Table࡛⾲ࡉࢀࡿ 4ḟࡢබᘧࢆព࿡ࡋࠊᗈ⩏ࡢ Runge-Kuttaἲ࡜༊ูࡍࡿᚲせࡀ
࠶ࡿሙྜࡣࠊࡇࢀࢆྂ඾ⓗ Runge-Kuttaἲ࡜࿧ࡪࠋ 
 
⾲ 2-2 ྂ඾ⓗ Runge-Kuttaἲࡢ Butcher Table 
0 
1/2
1/2
1 
0    0  0   0 
1/2  0   0    0 
0  1/2  0    0 
0    0   1    0 
 1/6  1/3  1/3  1/6 
 
࡞࠾ࠊaij=0ࠊjӍiࠊࡢሙྜࡣ㝧ゎἲ࡜࡞ࡾࠊ㏻ᖖ Runge-Kuttaἲ࡜ゝ࠼ࡤ㝧ゎἲࢆព࿡ࡍ
ࡿࡀࠊୖグ࡟࠶࡚ࡣࡲࡽ࡞࠸㝜ゎἲࡶ Runge-Kutta ἲ࡟ྵࡲࢀࡿࠋ㏆ᖺ࡛ࡣࠊ㝜ⓗ
Runge-Kuttaἲࡀᩘ್ᏳᐃᛶࡢⅬ࡟࠾࠸࡚ὀ┠ࡉࢀ࡚࠸ࡿࠋ 
 
2.3.8. Runge-Kuttaἲࡢ⤯ᑐᏳᐃ㡿ᇦ 
 
Runge-Kutta ἲࡢᏳᐃ㡿ᇦࡢᑟฟࡣཧ⪃ᩥ⊩[23][25]࡞࡝࡟ㆡࡿࡀࠊ4 ḟ௨ୗࡢ㝧ⓗ
 
 hctXfbhxx
sihctXfahxX
inj
s
j
inn
jnj
s
j
ijni
 
dd 

 


 

¦
¦
1
1
1
1
1
1
,
1,
26 
 
Runge-Kuttaἲࡣḟᩘࢆ p࡜ࡍࡿ࡜ࠊ 
    1
!2
1
2
d
p
hhh
pOOO    (2-31) 
࡛࠶ࡾࠊᅗ 2.5ࡢ㡿ᇦ࡜࡞ࡿ㸦ᅗ 2.5࡟࠾ࡅࡿ RK-1ࠊRK-2ࠊRK-3ࠊRK-4ࡣࡑࢀࡒࢀࠊ
1ḟࠊ2ḟࠊ3ḟࠊ4ḟࡢ Runge-Kuttaἲࡢ⤯ᑐᏳᐃ㡿ᇦࡢቃ⏺࡛࠶ࡾࠊᏳᐃ㡿ᇦࡣቃ⏺ࡢ
ෆഃ࡛࠶ࡿ㸧ࠋ 
Runge-Kutta ἲࡣḟᩘࡀቑ࠼ࡿ࡜Ᏻᐃ㡿ᇦࡀቑࡍ࡜࠸࠺≉ᚩࡀ࠶ࡿࡀࠊA Ᏻᐃ࡟ࡣ࡞ࡽ
࡞࠸ࠋ 
 
 
ᅗ 2.5 1~4ḟࡢ Runge-KuttaἲࡢᏳᐃ㡿ᇦ 
 
2.4. ⥺ᙧከẁ㝵ἲ
 
ᅇ㊰ゎᯒࡢศ㔝࡛ࡣከẁᩘ್✚ศἲࠊᩘ್ゎᯒࡢศ㔝࡛ࡣ⥺ᙧከẁ㝵ἲ㸦Liner Multi
Step Method㸧࡜࿧ࡤࢀࡿゎἲࡣࠊྎᙧ✚ศἲࡸ Runge-Kutta ἲࡀࠊ⌧ᅾ࡜ 1 ࢫࢸࢵࣉ
๓ࡢィ⟬⤖ᯝࡔࡅࢆ౑⏝ࡍࡿࡇ࡜࡟ᑐࡋࠊᩘࢫࢸࢵࣉ๓ࡢィ⟬⤖ᯝࢆ฼⏝ࡍࡿᡭἲ࡛࠶ࡿࠋ 
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2.4.1. ⥺ᙧከẁ㝵ἲࡢ୍⯡ᙧᘧ
 
⥺ᙧከẁ㝵ἲࡣ௨ୗࡢᘧ࡛⾲ࡉࢀࡿࠋ 
 inink
i
iin
k
i
in txfbhxax 
 

 
 ¦¦  ,
10
1  (2-32) 
ࡇࡇ࡛ࠊb-1=0࡛࠶ࢀࡤࠊᘧࡣ㝧ゎἲ࡛࠶ࡿࡀࠊb-1ӆ0࡛࠶ࢀࡤࠊ㝜ゎἲ࡜࡞ࡿࠋ 
࣡࢖࢚ࣝࢩࣗࢺࣛ࢘ࢫ㸦Weierstrass㸧ࡢከ㡯ᘧ㏆ఝᐃ⌮࡟ࡼࢀࡤࠊ᭷㝈༊㛫ࡢ㐃⥆㛵ᩘࡣ
࡭ࡁ⣭ᩘࡢከ㡯ᘧ㛵ᩘ࡛㏆ఝ࡛ࡁࡿࡇ࡜࠿ࡽࠊ㛢༊㛫[tn-kࠊtn+1]࡟࠾ࡅࡿ x(t)ࡣ kḟࡢከ㡯
ᘧ࡛㏆ఝࡍࡿ஦ࡀ࡛ࡁࡿࠋࡍ࡞ࢃࡕ 
   kk tctctcctx  2210  (2-33) 
࡛࠶ࡿࠋ 
ࡇࡢከ㡯ᘧࡼࡾከẁ㝵ἲࡢᘧࢆ‶㊊ࡍࡿࡼ࠺࡟ಀᩘࢆỴᐃࡍࡿࠋࡍ࡞ࢃࡕ᫬㛫㍈ࡢཎⅬࢆ
tn࡜ࡍࡿ࡞ࡽࡤࠊ iht in    ࡛࠶ࡿ࠿ࡽࠊp<=k࡛࠶ࡿ p࡟ᑐࡋࠊ 
       ¦
 
   
p
m
m
m
p
kin ihcihcihcihccx
0
2
210   (2-34) 
ࡲࡓࠊ  txfx ,  ࡼࡾࠊ 
         ¦
 

   
p
m
m
m
p
pnin ihmcihpcihcihcctxf
1
112
3211 32,  
kpni ,,3,2,,..1,0,1                                  (2-35) 
࡛࠶ࡾࠊ 
      ¦
 
   
p
m
m
m
p
kn hchchcthccx
0
2
2101                (2-36) 
࡛࠶ࡿ࠿ࡽࠊᘧ(2-34)ࠊᘧ(2-35)ࠊᘧ(2-36)ࢆࠊᘧ(2-32)࡟௦ධࡍࡿ࡜ࠊ 
 > @  > @¦¦¦¦¦
  

   
 
k
i
p
m
m
mi
k
i
p
m
m
mi
p
m
m
m ihcmbhihcahc
1 1
1
0 00
         (2-37) 
࡜࡞ࡾࠊヲ⣽ࡣཧ⪃ᩥ⊩[30]࡟ㆡࡿࡀࠊᘧ(2-38)ࠊᘧ(2-39)ࡀᡂ❧ࡍࡿࠋ 
1
0
 ¦
 
k
i
ia    (2-38) 
   ¦¦
 

 
 
k
i
i
p
k
i
i
p bipai
1
1
0
1 kp ,..,2,1   (2-39) 
ᘧ(2-39)ࡣ 2k+3ಶࡢᮍ▱ᩘ࠿ࡽ࡞ࡿ k+1ಶࡢ᪉⛬ᘧ࠿ࡽᵓᡂࡉࢀ࡚࠸ࡿࡓࡵࠊゎࡣ୍ព࡟
ࡣᐃࡲࡽ࡞࠸ࠋࡋ࠿ࡋ k+2ಶࡢಀᩘࢆ㐺ᙜ࡟ᣦᐃࡍࡿࡇ࡜࡛ࠊṧࡾࡢ k+1ಶࡢಀᩘࢆᐃࡵ
ࡿࡇ࡜ࡀ࡛ࡁࠊk+2 ಶࡢಀᩘࡢᣦᐃࡢ௙᪉࡟ࡼࡾࠊ⥺ᙧከẁゎἲࡣᗄࡘ࠿ࡢᡭἲ࡟ศ㢮ࡉ
ࢀࡿࠋ 
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2.4.2. ⥺ᙧከẁ㝵ἲࡢ⤯ᑐᏳᐃ㡿ᇦ
 
 innk
i
iin
k
i
in txfbhxax 
 

 
 ¦¦  ,1
10
1       (2-40) 
࡛୚࠼ࡽࢀࡿ⥺ᙧከẁ㝵ἲ࡟ࢸࢫࢺ᪉⛬ᘧࢆ㐺⏝ࡍࡿ࡜ࠊ 
    01
0
11   
 
 ¦ ink
i
iin xbhaxbh OO   (2-41) 
࡛࠶ࡿࠊࡇࡢᘧ(2-41)ࡢ୍⯡ゎࡣ[30]࡟ᚑ࠺࡜ࠊ 
n
kk
nn
n zczczcx 112211         (2-42) 
࡛୚࠼ࡽࢀࡿࠋࡓࡔࡋࠊ 
^ `121 ,,, kzzz                         (2-43) 
ࡣḟࡢ≉ᛶከ㡯ᘧࡢ k+1ಶࡢ᰿࡛࠶ࡿࠋ 
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k zbhazbh OO    (2-44) 
ᚑࡗ࡚ࠊᘧ(2-41)ࡀᏳᐃ࡛࠶ࡿ࡜ࡣࠊᘧ(2-44)ࡀ᭷㝈࡛࠶ࡿࡇ࡜࡛࠶ࡾࠊz ࡀ༢఩෇ෆࠊ
࡛࠶ࡿࡇ࡜ࡀᚲせ࡛࠶ࡿࠋ 
௨ୖࡼࡾࠊᘧ(2-44)ࢆ᭩ࡁ᥮࠼࡚ࠊ௨ୗࡢ hȢ࡟㛵ࡍࡿᘧ࡜ࡋࠊz ࡢቃ⏺ࡣ༢఩෇࡛࠶ࡿ
࠿ࡽࠊejȟࢆ௦ධࡍࡿ஦࡛ࠊ⤯ᑐᏳᐃ㡿ᇦࡢቃ⏺ࡀồࡲࡿࠋ 
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O       (2-46) 
ࡀ⤯ᑐᏳᐃ㡿ᇦࡢቃ⏺࡜࡞ࡾࠊᏳᐃ㡿ᇦࡣࡇࡢෆഃ࡜࡞ࡿࠋ 
 
2.4.3. Adams-Bashforthἲ
 
ᘧ (2-32)࡟࠾࠸࡚ࠊa0=1ࠊa1=a2…ak=0ࠊb-1=bk=0 ࡜ࡋࡓࠊᘧ (2-47)ࡢᙧࡢࡶࡢࢆ
Adams-Bashforthἲ࡜࠸࠺ 
 innk
i
inn txfbhxx 

 
 ¦ ,11
0
1   (2-47) 
k=1ࡢሙྜࡣࠊ๓㐍 Eulerἲ࡛࠶ࡾࠊAdams-Bashforthἲࡣ㝧ゎἲ࡛࠶ࡿࠋ 
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Adams-Bashforthἲࡢಀᩘ㸦bi㸧ࡣ௨ୗ࡟ィ⟬ࡉࢀ࡚࠸ࡿࠋ 
 
⾲ 2-3 Adams-Bashforthἲࡢಀᩘ 
ḟᩘ k b0 b1 b2 b3 b4 
1 1 1     
2 2 3/2 -1/2    
3 3 23/12 -16/12 5/12   
4 4 55/24 -59/24 37/24 -9/24  
5 5 1901/720 -2774/720 2616/720 -1274/720 251/720 
 
2.4.4. Adams-Bashforthἲࡢ⤯ᑐᏳᐃ㡿ᇦ
 
Adams-Bashforthἲ࡛ࡣ ai=0ࠊ0<iࠊb-1=bk=0ࠊa0=1ࡼࡾࠊᘧ(2-45)ࡣࠊ 
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O     (2-48) 
࡛࠶ࡿࡀࠊࡇࢀࢆ[24][25]ࢆཧ⪃࡟ኚ᥮ࡍࡿ࡜ 
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288
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720
251,
8
3,1
12
5,
2
1,1 543210       JJJJJJ  (2-49) 
࡜࡞ࡿࠋk=1~3ࢆᅗ 2.6࡟ k=4~5ࢆᅗ 2.7࡟♧ࡍࠋ 
 
ᅗ 2.6 Adams㸫BashforthࡢᏳᐃ㡿ᇦ㸦1~3ḟ㸧 
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ᅗ 2.7 Adams-BasforthἲࡢᏳᐃ㡿ᇦ㸦4㸪5ḟ㸧 
 
2.4.5. Adams-Moultonἲ
ᘧ(2-32)࡟࠾࠸࡚ a0=1ࠊa1=a2…ak=0ࠊbk-1=bk=0ࠊ bk-1ӆ0࡜ࡋࡓࡶࡢࢆ Adams-Moulton
ἲ࡜࠸࠺ࠋ 
࡞࠾ࠊᮏᡭἲ࡟࠾࠸࡚ k=1࡛ࡣᚋ㏥ Eulerἲࠊk=2࡛ࡣྎᙧ✚ศἲ࡜୍⮴ࡍࡿࠋࡍ࡞ࢃࡕࠊ
Adams-Moultonἲࡣ㝜ゎἲ࡛࠶ࡿࠋ 
 
Adams-Moultonἲࡢಀᩘ㸦bi㸧ࡣ௨ୗ࡟ィ⟬ࡉࢀ࡚࠸ࡿࠋ 
⾲ 2-4 Adams-Moultonἲࡢಀᩘ 
ḟᩘ k b-1 b0 b1 b2 b3 
1 1 1     
2 1 1/2 1/2    
3 2 5/12 8/12 -1/12   
4 3 9/24 19/24 -5/24 1/24  
5 4 251/720 646/720 -264/720 106/720 -19/720 
 
2.4.6. Adams-Moultonἲࡢ⤯ᑐᏳᐃ㡿ᇦ
 
Adams-Moulton ἲ࡛ࡣࠊa0=1ࠊa1=a2…ak=0ࠊbk-1=bk=0ࠊ bk-1ӆ0 ࡛࠶ࡿ࠿ࡽࠊᘧ(2-45)
ࡣ 
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 ྠࡌࡃࠊ[24][25]ࢆཧ⪃࡟ᘧ(2-50)ࢆኚ᥮ࡍࡿ࡜ࠊ 
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࡛࠶ࡾࠊᏳᐃ㡿ᇦࢆᅗ♧ࡍࡿ࡜ᅗ 2.8࡟࡞ࡿࠋ࡞࠾ࠊk=2ࡣྎᙧἲ࡛࠶ࡾࠊᏳᐃ㡿ᇦࡣᕥ
༙ᖹ㠃࡛࠶ࡿ࠿ࡽᅗ 2.8࡟ࡣグ㍕ࡋ࡚࠸࡞࠸ࠋ 
 
ᅗ 2.8 Adams-MoultonἲࡢᏳᐃ㡿ᇦ 
 
2.4.7. ᚋ㏥ᚤศබᘧ(BDF/Gearἲ)
 
ᘧ(2-32)࡟࠾࠸࡚ ak=0ࠊb0=b1…bk=0ࠊb-1ӆ0࡜ࡋࠊ㐣ཤࡢ್࡜⌧ᅾࡢᚤศ್ࡢࡳࢆ฼⏝
ࡋࡓᡭἲࡣᚋ㏥ᚤศබᘧ㸦BDF(Backward Differentiation formula)㸧࠶ࡿ࠸ࡣ Gearἲ࡜
ࡋ࡚▱ࡽࢀ࡚࠸ࡿࠋ 
 innink
i
in txfhbxax 

 
  ¦ ,111
0
1  (2-52) 
ᮏᡭἲ࡟࠾ࡅࡿ k=1ࡣᚋ㏥ Eulerἲ࡛࠶ࡿࠋ 
ᮏᡭἲࡣࠊ㝜ゎἲࡢ࡞࠿࡛ࡶ≉࡟ィ⟬Ᏻᐃᛶ࡟ඃࢀ࡚࠸ࡿࡓࡵࠊᅇ㊰ィ⟬࡟࠾࠸࡚ࡣ SPICE
ࢆጞࡵ࡜ࡋ࡚᥇⏝஦౛ࡀከ࠸ࠋ 
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⾲ 2-5 ᚋ㏥ᚤศබᘧ㸦BDF/Gearἲ㸧ࡢಀᩘ 
ḟᩘ k b-1 a0 a1 a2 a3 a3 
1 1 1 1     
2 2 2/3 4/3 -1/3    
3 3 6/11 18/11 -9/11 2/11    
4 4 12/25 48/25 -36/25  16/25 -3/25    
5 5 60/137  300/137 -300/137 200/137 -75/137 12/137 
 
2.4.8. ᚋ㏥ᚤศ᪉⛬ᘧࡢ⤯ᑐᏳᐃ㡿ᇦ
 
ᚋ㏥ᚤศ᪉⛬ᘧࡢᏳᐃ㡿ᇦࡣḟᘧ࡛୚࠼ࡽࢀࡿ[25]ࠋ 
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k=1~ 6ࡲ࡛ࢆᅗ 2.9࡟ࣉࣟࢵࢺࡍࡿࠋ 
 
ᅗ 2.9 ᚋ㏥ᚤศබᘧࡢᏳᐃ㡿ᇦ 
 
ᚋ㏥ᚤศබᘧࡣ k=2ࡲ࡛ࡣ AᏳᐃ࡛࠶ࡿࡀࠊkࡀቑ࠼ࡿ࡟ᚑ࠸ᕥ༙ᖹ㠃࡟࠿࡞ࡾࡢ୙Ᏻ
ᐃ㡿ᇦࡀṧࡿࠋᚋ㏥ᚤศබᘧࢆ⏝࠸ࡿ➨୍ࡢព⩏ࡣࠊᗈ࠸⤯ᑐᏳᐃ㡿ᇦ࡟࠶ࡿࡓࡵࠊᐇ⏝
ⓗ࡟ࡣ 5ḟ௨ୗ࡛⏝࠸ࡽࢀࡿ౛ࡀከ࠸ࠋ 
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2.5. ⤖ㄽ
 
௨ୖࠊ௦⾲ⓗ࡞ᖖᚤศ᪉⛬ᘧࡢᩘ್ゎἲࢆㄪ࡭ࡓࠋᅇ㊰ィ⟬࡟࠾࠸࡚ࡣࠊEMTP ࡀྎᙧ
✚ศἲࠊSPICEࡀྎᙧ✚ศἲ࡜ᚋ㏥ Eulerࢆྵࡴᚋ㏥ᚤศබᘧ㸦BDF/Gearἲ㸧ࢆ᥇⏝ࡋ
࡚࠸ࡿࡀࠊࡇࢀࡽࡣィ⟬Ᏻᐃᛶࢆ㔜どࡋࡓ⤖ᯝ࡛࠶ࡿࠋࡋ࠿ࡋࠊィ⟬Ᏻᐃᛶ࡟ࡘ࠸࡚ࡣࠊ
ಶࠎࡢᅇ㊰࡟ࡼࡗ࡚᪉⛬ᘧࡢᣢࡘᅛ᭷್ࡣኚࢃࡿࡓࡵࠊ୍ᴫ࡟ィ⟬Ᏻᐃᛶ࡟ඃࢀࡓᡭἲࡀ
ᅇ㊰ィ⟬࡟࠾ࡅࡿ⤯ᑐ᮲௳࡜ࡣゝ࠼࡞࠸ࠋ 
ࣃ࣮࢚࣡ࣞࢡࢺࣟࢽࢡࢫศ㔝ࠊࡍ࡞ࢃࡕࢫ࢖ࢵࢳࣥࢢᅇ㊰ࢆィ⟬ࡍࡿ࡟࠶ࡓࡾࠊ᭱㐺࡞
ᩘ್ゎἲࡣࠊ➨ 3 ❶࡛ㄽࡌࡿᅇ㊰᪉⛬ᘧࡢᵓ⠏ᡭἲ࡞ࡽࡧ࡟➨ 4 ❶࡛ㄽࡌࡿࢫ࢖ࢵࢳࣥࢢ
ᅇ㊰≉᭷ࡢㄢ㢟࡜࠶ࢃࡏ࡚⪃࠼ࡿᚲせࡀ࠶ࡿ࡜ᛮࢃࢀࡿࡓࡵࠊ⤖ㄽࡣࡑࡇ࡛ୗࡍࡇ࡜࡟ࡍ
ࡿࠋ 
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3❶  ᅇ㊰᪉⛬ᘧࡢᵓ⠏ᡭἲ
 
⌧ᅾࡲ࡛࡟ࠊᵝࠎ࡞ᅇ㊰᪉⛬ᘧࡢᵓ⠏ᡭἲࡀᥦ᱌ࡉࢀ࡚࠸ࡿࠋᮏ❶࡛ࡣࠊ௦⾲ⓗ࡞ᡭἲ
࡟ࡘ࠸࡚ࠊࡑࡢ≉ᚩࢆ᫂ࡽ࠿࡟ࡍࡿࠋ 
 
3.1. ᅇ㊰᪉⛬ᘧࡢᵓ⠏ᡭἲࡢṔྐ
  
 㟁Ꮚᅇ㊰ࡢࢩ࣑࣮ࣗࣞࢩࣙࣥᢏ⾡࡟ࡘ࠸࡚ࡣࠊEMTP࠾ࡼࡧ PSCAD/EMTDC࡟௦⾲ࡉ
ࢀࡿࠊ㟁㏦⣔ࡸ㧗㟁ᅽᅇ㊰ࢆᑐ㇟࡜ࡋࡓ㐣Ώゎᯒࢩ࣑࣮ࣗࣞࢱ⣔⤫࡜ࠊSPICE ࢆ௦⏝࡜ࡍ
ࡿࠊLSIタィࢆᑐ㇟࡜ࡋࡓࠊ㐣Ώゎᯒ࡟ຍ࠼ࠊDCゎᯒࠊAC࢖ࣥࣆ࣮ࢲࣥࢫゎᯒ࡞࡝ࢆᵝࠎ
࡞ゎᯒࢆ⾜࠺ỗ⏝ࢩ࣑࣮ࣗࣞࢱ⣔࡟኱ู࡛ࡁࡿࡀࠊ୙ᛮ㆟࡞ࡇ࡜࡟ࠊ୧⪅ࡣඹ㏻ࡢᢏ⾡ⓗ
せ⣲ࢆࡶࡕ࡞ࡀࡽࠊ┤᥋ࡢ஺ὶࡢᙧ㊧ࡀ࡞࠸ࠋࡍ࡞ࢃࡕࠊ1969 ᖺࡢ EMTP ࡢㄽᩥ[32]ࡣ
SPICEࡢ※ὶ࡜ࡉࢀEMTP࡜ྠᵝ࡟⠇Ⅼゎᯒἲࢆ⏝࠸ࡓ IBMࡢECAP (1965ᖺ)ࡢグ㏙ࡣ
࡞ࡃࠊL.W.Nagelࡢ㧗ྡ࡞ SPICE2ࡢ༤ኈㄽᩥ[5]࡟ࡣࠊEMTPࡢస⪅࡛࠶ࡾ◊✲ࢆඛ⾜ࡉ
ࡏ࡚࠸ࡓ H.W.Dommelࡢᩥ⊩ࡀྵࡲࢀ࡞࠸ࠋࡇࡢⅬࡣ⯆࿡῝࠸ࡶࡢ࡛࠶ࡿࡀࠊᮏ❶ࡣᅇ㊰
᪉⛬ᘧࡢᐃᘧ໬ᡭἲࢆᢅ࠺ࡓࡵࠊᵝࠎ࡞ᐃᘧ໬ᡭἲࡀヨࡳࡽࢀࡓ SPICE⣔⤫ࢆ୰ᚰ࡟ࠊࡑ
ࡢṔྐࢆᴫほࡍࡿࠋ 
 ᅇ㊰⏝ࡢࢩ࣑࣮ࣗࣞࢱࡢṔྐࡣࠊ➨ 2ḟ኱ᡓ๓࡟㛤Ⓨࡉࢀࡓ TNA㸦Transient network 
analyzer㸧ࡲ࡛㐳ࡿࡇ࡜ࡀ࡛ࡁࡿ[33]ࠋTNA ࡣᕧ኱࡞࢔ࢼࣟࢢィ⟬ᶵ࡛࠶ࡾࠊ┿✵⟶࡟ࡼ
ࡾᵓᡂࡉࢀࡓຍ⟬ࠊ஌⟬ࠊ✚ศჾ࡟ࡼࡾᖖᚤศ᪉⛬ᘧࢆゎࡃࡇ࡜࡛ࠊ㧗㟁ᅽࡢ㟁㏦⣔ࡢࣔ
ࢹࣝࢆィ⟬ࡍࡿ஦ࡀฟ᮶ࡓࠋࡇࡢ⿦⨨ࡀ࢔ࢼࣟࢢィ⟬ᶵ࡛࠶ࡿࡇ࡜ࡣࠊゎࢆᐇ᫬㛫࡛ゎࡃ
ࡇ࡜ࡀ࡛ࡁࡿࠊࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱ࡛࠶ࡿࡇ࡜ࢆព࿡ࡍࡿࠋࡘࡲࡾࠊ᭱ࡶึᮇࡢ
ᅇ㊰ࢩ࣑࣮ࣗࣞࢩࣙࣥ⿦⨨ࡣࠊ࢜ࣇࣛ࢖࣭ࣥࢩ࣑࣮ࣗࣞࢱ࡛ࡣ࡞ࡃࠊࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑
࣮ࣗࣞࢱ࡛࠶ࡗࡓࡇ࡜ࡣ⯆࿡῝࠸ࠋࡋ࠿ࡋࠊࡇࡢࡼ࠺࡞࢔ࢼࣟࢢィ⟬ᶵࡣࠊᕧ኱࡛⢭ᐦ࡞
⿦⨨࡛࠶ࡾࠊ⥔ᣢࢥࢫࢺࡀ㧗㢠࡛࠶ࡿࡇ࡜ࡼࡾࠊࢹࢪࢱࣝィ⟬ᶵࢆ⏝࠸ࡓࢩ࣑࣮ࣗࣞࢱ࡟
௦᭰ࡉࢀࡿ஦࡜࡞ࡿࠋ 
 ࢹࢪࢱࣝࢥࣥࣆ࣮ࣗࢱ࡟ࡼࡿᅇ㊰ゎᯒࡢᄏ▮ࡣࠊ≧ែኚᩘἲࢆ⏝࠸ࡓ TAP㸦1962ᖺ IBM㸧
࠶ࡓࡾ࡜⪃࠼ࡽࢀࡿࠋࡉࡽ࡟ྠࡌ≧ែኚᩘἲࡢ CIRCUS㸦1965 ᖺ BOING㸧ࡀ⥆ࡁࠊ
ASATAP(1973ᖺ IBM)࡛ࡣࢱࣈ࣮ࣟἲࡀヨࡳࡽࢀ࡚࠸ࡿࠋ⠇Ⅼゎᯒἲࡣ๓㏙ࡢECAP(1965
ᖺ IBM)ࠊᚋ࡟ SPICE࡟ᨵྡࡉࢀࡿ CANCER㸦1971ᖺUCB㸧࡜⥆ࡁࠊಟṇ⠇Ⅼゎᯒἲࢆ
᥇⏝ࡋࡓ SPICE2㸦1975ᖺ UCB㸧࡬࡜⥆ࡃ[34][35]ࠋSPICE2ࡣࢯ࣮ࢫࢥ࣮ࢻࢆබ㛤ࡋࡓ
ࡓࡵࠊ1980ᖺ௦࡟ࡣࡇࢀࢆඖ࡟ࡋࡓከࡃࡢPC⏝ࡢၟ⏝ᅇ㊰ࢩ࣑࣮ࣗࣞࢱࡀ㍮ฟࡋ࡚࠸ࡿࠋ
࡞࠾ࠊ᪥ᮏ࡛ⴭྡ࡛࠶ࡗࡓၟ⏝ᅇ㊰ࢩ࣑࣮ࣗࣞࢱࡢ OrCAD ࡶ SPICE ⣔ࡢ୍ࡘ࡛࠶ࡾ
OrCAD♫ࡢタ❧ࡣ 1985ᖺ࡛࠶ࡿࠋ 
࡞࠾ EMTP ⣔࡛ࡣ EMTP ࡢᬑཬ࡜࣮ࣘࢨ࣮ࢧ࣏࣮ࢺࡢࡓࡵ࡟ࠊEMTP Development 
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Coordination Groupࡀ 1982ᖺ࡟タ❧ࡉࢀ࡚࠾ࡾࠊManitoba HVDC Reserch Centorࡀࢢ
ࣛࣇ࢕࢝ࣝ࡞⎔ቃࢆᣢࡕࠊUNIXୖ࡛✌ാࡍࡿ PSCAD/EMTDCࢆ࣮ࣜࣜࢫࡋࡓࡢࡀ 1990
ᖺ௦ึࡵ࡜ࡉࢀ࡚࠸ࡿ [33]ࠋ 
 
 
3.2. ᅇ㊰᪉⛬ᘧ࡟౑⏝ࡍࡿᇶᮏⓗ࡞බᘧ
 
ᮏ❶࡛ࡣࠊᵝࠎ࡞ᅇ㊰᪉⛬ᘧࡢᵓ⠏ᡭἲࢆ᳨ウࡍࡿࡀࠊ࠸ࡎࢀࡢ᪉ᘧ࡟࠾࠸࡚ࡶ௨ୗࡢ
ᇶᮏⓗ࡞ἲ๎ࢆ⏝࠸࡚ᘧࡢᵓ⠏ࢆ⾜࠺ࠋ 
Ϩ.࢟ࣝࣄ࣍ࢵࣇࡢ㟁ὶἲ๎㸦Kirchoff ’s Current Raw: KCL㸧 
௵ពࡢ⠇Ⅼ࡟࠾࠸࡚ࠊὶࢀ㎸ࡴྥࡁࢆṇ㸦ཪࡣ㈇㸧࡜⤫୍ࡍࡿ࡜ࡁࠊὶࢀ㎸ 
ࡴ㟁ὶࡢ⥲࿴ࡣ 0࡜࡞ࡿࠋ 
ϩ.࢟ࣝࣄ࣍ࢵࣇࡢ㟁ᅽ๎ 㸦Kirchoff ’s Voltage Raw: KVL㸧 
௵ពࡢ㛢㊰࡟࠾࠸࡚ࠊ㟁ᅽࡢྥࡁࢆ୍᪉ྥ࡟ྲྀࡗࡓ࡜ࡁࠊ㛢㊰࡟ἢࡗࡓྛ⣲ 
Ꮚࡢ㟁ᅽ Vi ࡢ⥲࿴ࡣ 0࡜࡞ࡿࠋ 
Ϫ.ᯞᵓᡂᘧ㸦Branch Consisitute Equation:BCE㸧 
ᯞ㟁ᅽ࡜ᯞ㟁ὶࡢ㛵ಀࢆ⾲ࡍᘧ 
   ౛㸸Vb㸻RbIb 
       bb ivdt
dC   
࡞࠾ࠊᮏㄽᩥ࡟࠾࠸࡚ࡣࠊKCLࠊKVLࠊBCE࡜ࡢ␎ㄒࢆ⏝࠸ࠊࡑࢀࡒࢀ࢟ࣝࣄ࣍ࢵࣇࡢ
㟁ὶ๎ࠊ࢟ࣝࣄ࣍ࢵࣇࡢ㟁ᅽ๎ࠊᯞᵓᡂᘧࢆព࿡ࡍࡿࡶࡢ࡜ࡍࡿࠋ 
 
3.3. ᚤศ᪉⛬ᘧࡢᢅ࠸
 
࢟ࣕࣃࢩࢱࡸ࢖ࣥࢲࢡࢱ࡞࡝ࠊ≉ᛶࡀᚤศ᪉⛬ᘧ࡛⾲ࡉࢀࡿ⣲Ꮚࡼࡾᵓᡂࡉࢀࡿᅇ㊰ࡢ
඲యࡢ᪉⛬ᘧࠊࡍ࡞ࢃࡕᅇ㊰᪉⛬ᘧࡣࠊࡸࡣࡾᚤศ᪉⛬ᘧ࡜࡞ࡿࠋࡇࢀࢆ㐣Ώᛂ⟅ࢩ࣑ࣗ
࣮ࣞࢩࣙࣥࠊࡍ࡞ࢃࡕᅇ㊰ࡢ᫬㛫ᛂ⟅≉ᛶࢆࢹࢪࢱࣝィ⟬ᶵ࡛ィ⟬ࡍࡿࡓࡵ࡟ࡣࠊᚤศ᪉
⛬ᘧࢆ㞳ᩓ໬ࡉࢀࡓᕪศ᪉⛬ᘧ࡟ኚ᥮ࡍࡿᚲせࡀ࠶ࡿࠋࡇࡢኚ᥮࡟ࡣࠊಶࠎࡢ⣲Ꮚ༢఩࡛
ᕪศ᪉⛬ᘧࢆᵓᡂࡋࡓᚋࠊᅇ㊰᪉⛬ᘧࢆᕪศ᪉⛬ᘧ࡜ࡋ࡚ᵓ⠏ࡍࡿᡭἲ࡜ࠊᅇ㊰඲యࡢ᪉
⛬ᘧࢆ㐃⥆⣔ࡢᖖᚤศ᪉⛬ᘧ࡜ࡋ࡚ᐃᘧ໬ࡋࠊᖖᚤศ᪉⛬ᘧࡢᩘ್ゎἲࢆ⏝࠸࡚㐃⥆⣔ࡢ
ᖖᚤศ᪉⛬ᘧࢆィ⟬ࡍࡿᡭἲࡀ࠶ࡿࠋ 
 ᮏ᮶ࠊࡇࢀࡣᚤศ᪉⛬ᘧ࡛⾲ࡉࢀࡿ⣲Ꮚࡢ㞳ᩓ໬ᡭἲࡢᕪ␗࡛࠶ࡿࡀࠊᐇ㝿࡟ࡣᅇ㊰᪉
⛬ᘧࡢᵓ⠏ᡭἲ࡜ᐦ᥋࡟㛵㐃ࡋ࡚࠾ࡾࠊ⠇Ⅼゎᯒἲࠊಟṇ⠇Ⅼゎᯒἲࠊ࠾ࡼࡧࢫࣃ࣮ࢫࢱ
ࣈ࣮ࣟἲ࡛࠶ࢀࡤࠊ๓⪅ࡢ㞳ᩓ໬ᡭἲࠊ࢝ࢵࢺࢭࢵࢺゎᯒ࡞࡝ࡢ≧ែ᪉⛬ᘧࢆ⏝࠸ࡿሙྜ
ࡣࠊᚋ⪅ࡢ㞳ᩓ໬ᡭἲࡀ⤌ࡳྜࢃࡉࢀ⏝࠸ࡽࢀࡿࡢࡀ㏻౛࡛࠶ࡿࠋ 
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3.4. ࢧࣥࣉࣝ RLCᅇ㊰ࡢタᐃ
 
 ࡇࡢ❶࡛ࡣᵝࠎ࡞ᅇ㊰ᐃᘧ໬ᡭἲࢆ᳨ウࡍࡿࡀࠊࡑࡢẚ㍑ࢆᐜ᫆࡟ࡍࡿࡓࡵࠊྠ୍ࡢࢧ
ࣥࣉࣝᅇ㊰࡟ᑐࡍࡿᐃᘧ໬ࢆලయⓗ࡟⾜࠺ࠋᅇ㊰ᅗࢆᅗ 3.1࡟♧ࡍࠋ 
 
 
ᅗ 3.1 ࢧࣥࣉࣝ RLCᅇ㊰ࡢᅇ㊰ᅗ 
 
࡞࠾ࠊᮏᅇ㊰࡟࠾࠸࡚ࠊ௨ୗࡢࣃ࣓࣮ࣛࢱࢆ౑⏝ࡋࠊV1 ࢆ 0~10V ࡟ࢫࢸࢵࣉ≧࡟ኚ໬
ࡉࡏࡓ࡜ࡁࡢ࢟ࣕࣃࢩࢱ㟁ᅽࡣᅗ 3.2ࡢᛂ⟅࡜࡞ࡿࠋᮏ᮶ࠊࡍ࡭࡚ࡢᐃᘧ໬ᡭἲ࡛ྠᵝࡢ⤖
ᯝ࡜࡞ࡿ࡭ࡁ࡛࠶ࡿࡀࠊᐇ㝿࡟ࡣ 0 ⛊┤ᚋࡢ 1~2ࢫࢸࢵࣉࡢ್ࡀ␗࡞ࡗ࡚࠸ࡿࠋࡇࢀࡣࠊ
㞳ᩓ໬ᡭἲ࡟ᛂࡌࡓṇࡋ࠸ึᮇ್ࡢタᐃ࡟ᑐࡍࡿ▱ぢࡀ㊊ࡾࡎࠊࡍ࡭࡚ 0 ࡜ࡋ࡚࠸ࡿ஦ࡀ
⌮⏤࡛࠶ࡿ࡜⪃࠼ࡽࢀࡿࠋ௒ᚋࡢ◊✲࡛ヲ⣽ࢆ᫂ࡽ࠿࡟ࡋࡓ࠸ࠋ 
L=10mH 
C=1mF 
R=1Ȑ 
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ᅗ 3.2 ࢧࣥࣉࣝ RLCᅇ㊰ࡢࢫࢸࢵࣉᛂ⟅ 
 
3.5. ⠇Ⅼゎᯒἲ㸦Nodal Analysis Method㸧
 
3.5.1. ᇶᮏⓗ࡞⪃࠼᪉
 
⌧ᅾࠊ᭱ࡶ୍⯡ⓗ࡟▱ࡽࢀ࡚࠸ࡿᅇ㊰ゎᯒἲࡀ⠇Ⅼゎᯒἲ࡛࠶ࡿࠋึᮇࡢ SPICE
㸦SPICE-1࡜ࡶ࿧ࡤࢀࡿ CANCER㸧ࠊ࠾ࡼࡧ EMTP ࡟࠾࠸࡚⏝࠸ࡽࢀ࡚࠾ࡾࠊEMTP ࡢ
స⪅࡛࠶ࡿ Dommelࡢᡭἲ࡜ࡶ࿧ࡤࢀ࡚࠸ࡿ[33]ࠋ 
 
ᮏᡭἲࡣᅇ㊰࡟࠾ࡅࡿ⣲Ꮚࡢ᥋⥆Ⅼ࡛࠶ࡿ⠇Ⅼ㸦Node㸧࡟ᑐࡋ࡚ࠊKCLࢆ㐺⏝ࡋ࡚ᚓࡽ
ࢀࡿࡶࡢ࡛࠶ࡿ[36]ࠋ 
 
ᅗ 3.3 ⠇Ⅼ㸦Node㸧࡜ᯞ(Branch㸧ࡢ㛵ಀ 
 
ᅗ 3.3ࡢࡼ࠺࡞᢬ᢠ࡜㟁ὶ※࠿ࡽ࡞ࡿᅇ㊰ࢆ⪃࠼ࡓሙྜࠊ⠇Ⅼ㸦Node㸧ࡣ 3ಶࠊᯞ㸦Branch㸧
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ࡣ 4 ᮏ࡛࠶ࡿࡀࠊ⠇Ⅼゎᯒ࡛ࡣᅗ 3.3 ࡢ 3 ಶࡢ⠇Ⅼࡍ࡞ࢃࡕࠊձࠊղ࠾ࡼࡧճ࡟ࡘ࠸࡚ࠊ
KCLࢆ㐺⏝ࡋࠊ⠇Ⅼ㟁ᅽࢆᮍ▱ᩘ࡜ࡋࡓ᪉⛬ᘧࢆᵓ⠏ࡍࡿࠋ 
 
ྛᯞ࡟ὶࢀࡿ㟁ὶࢆ    ࠾ࡼࡧᐃ㟁ὶ※ࡢ㟁ὶࢆ  ࡜ࡍࡿ࡜ࠊ 
⠇Ⅼձ㸸 0  ba ii     (3-1) 
⠇Ⅼղ㸸 0  Scb Iii    (3-2) 
⠇Ⅼճ㸸 0  ca ii   (3-3) 
 
⠇Ⅼձࡢ㟁ᅽࢆ v1ࠊղࡢ㟁ᅽࢆ v2ࠊճࡢ㟁ᅽࢆ v3࡜ࡋࠊBCE ࡜ࡋ࡚࣮࣒࢜ࡢἲ๎ࢆ㐺
⏝ࡍࡿ࡜ࠊ 
 
 (3-4) 
 (3-5) 
 (3-6) 
࡛࠶ࡿࠋ 
ᘧ(3-1)~(3-3)ࢆ฼⏝ࡋ࡚ iaࠊibࠊicࢆᾘཤࡍࡿ࡜ࠊ 
  
(3-7) 
 
(3-8) 
 
  (3-9) 
 
࡛࠶ࡾࠊᘧ(3-7)~(3-9)ࡢ㐃❧᪉⛬ᘧࢆ⾜ิᘧ࡛⾲⌧ࡍࡿ࡜ࠊ 
 
»»
»
¼
º
««
«
¬
ª
 
»»
»
¼
º
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«
¬
ª
»»
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»»
»
¼
º
««
««
««
«
¬
ª



0
0
1111
1111
1111
3
2
1
2020
2211
0110
SI
v
v
v
RRRR
RRRR
RRRR
(3-10) 
࡜࡞ࡿࠋ 
 
ࡇࡢࡼ࠺࡟⠇Ⅼゎᯒ࡛ࡣࠊᮍ▱ᩘࢆ㟁ᅽ࡜ࡋࠊ᢬ᢠ್ࡢ㏫ᩘࢆಀᩘ࡜ࡍࡿ㐃❧᪉⛬ᘧࡀ
ᚓࡽࢀࡿࡢ࡛ࠊ᢬ᢠ್ࡣࢥࣥࢲࢡࢱࣥࢫ್࡜ࡋࡓ᪉ࡀࠊ⾲⌧ࡋࡸࡍ࠸ࠋᚑࡗ࡚ࠊ㏻ᖖࠊᘧ(3-10)
ࡣࢥࣥࢲࢡࢱࣥࢫ್ࢆ⏝࠸࡚ࠊ 
cba iii ,, SI
130 vviR a  
211 vviR b  
232 vviR c  
    011 21
1
13
0
  vv
R
vv
R
    SIvvRvvR   232211
11
    011 23
2
13
0
  vv
R
vv
R
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(3-11) 
 
࡜ࡉࢀࡿࠋ 
 
3.5.2. ලయⓗ࡞᪉⛬ᘧࡢᵓ⠏ἲ㸦ࢫࢱࣥࣉ㸧
 
ᘧ(3-11)ࢆぢࡿ࡜ࠊࢥࣥࢲࢡࢱࣥࢫ࡛ᵓᡂࡉࢀࡿ⾜ิࡢせ⣲࡟୍ᐃࡢ࣮ࣝࣝࡀ࠶ࡿ஦ࡀࢃ
࠿ࡿࠋ 
ࡍ࡞ࢃࡕࠊ⾜ิࡢᑐゅせ⣲࡛࠶ࡿ aiiࡣࠊ⠇ i ࡟᥋⥆ࡉࢀ࡚࠸ࡿᯞࡢࢥࣥࢲࢡࢱࣥࢫせ⣲
ࡢ⥲࿴ࠊࡑࢀ௨እࡢせ⣲࡛࠶ࡿ aij㸦iӆj㸧ࡣࠊ⠇ i࡜⠇ jࢆ᥋⥆ࡍࡿᯞࡢࢥࣥࢲࢡࢱࣥࢫせ
⣲ࡢ➢ྕࢆ㈇࡜ࡋࡓࡶࡢ࡛࠶ࡿࠋ 
ࡇࡢࡼ࠺࡞࣮ࣝࣝ࡟ᇶ࡙ࡁࠊᅇ㊰᪉⛬ᘧࢆᵓ⠏ࡍࡿᡭἲࡣ͆ ࢫࢱࣥࣉ ࡜͇࿧ࡤࢀ࡚࠸ࡿࠋ
ᅇ㊰ࢆᵓᡂࡍࡿಶࠎࡢ⣲Ꮚ࡟ᑐࡋ͆ࠊ ࢫࢱࣥࣉ͇ࢆࡑࢀࡒࢀタᐃࡍࡿ஦࡟ࡼࡾࠊ⣲Ꮚࡀ᥋⥆
ࡉࢀࡿ⠇Ⅼ࡟ᑐᛂࡍࡿ⾜ิࡢせ⣲࡟ᑐࡋࠊࢫࢱࣥࣉࢆᢲࡍࡼ࠺࡟ࠊ್ࢆຍ⟬ࡍࡿ஦࡛ࠊᅇ
㊰᪉⛬ᘧࢆᐜ᫆࡟ᵓ⠏ࡍࡿࡇ࡜ࡀ࡛ࡁࡿࠋ 
 
͆ࢫࢱࣥࣉ͇ࡢලయⓗ࡞౛ࢆ௨ୗ࡟♧ࡍࠋG ࢪ࣮࣓ࣥࢫ(S)ࡢࢥࣥࢲࢡࢱࣥࢫ㸦᢬ᢠჾ㸧
ࡀ⠇Ⅼ i࡜⠇Ⅼ jࡢ㛫࡟᥋⥆ࡉࢀࡓሙྜࡣࠊ 
 
 
⠇Ⅼ j࠿ࡽ⠇Ⅼ i࡟ Is(A)࡛ὶࢀ㎸ࡴᐃ㟁ὶ※ࡣ 
 
࡛࠶ࡿࠋ 
SPICE ࡛ࡣࠊ࢟ࣕࣃࢩࢱࠊ࢖ࣥࢲࢡࢱࠊࢺࣛࣥࢫ㸦࢝ࢵࣉࣝࢻ࣭࢖ࣥࢲࢡࢱ㸧࡞࡝ࠊᅇ
㊰ࢆᵓᡂࡍࡿせ⣲ࡢ ͆ࢫࢱࣥࣉ͇ࡀタᐃࡉࢀ࡚࠾ࡾࠊ᥋⥆ࡉࢀࡿ⠇Ⅼ࡟ᛂࡌࡓ఩⨨࡟͆ࢫ
ࢱࣥࣉࡍࡿ͇஦࡛ࠊᅇ㊰᪉⛬ᘧࢆᐜ᫆࡟ᚓࡿࡇ࡜ࡀ࡛ࡁࡿࠋ 
 
3.5.3. ᇶ‽㟁఩ࡢᮍ▱ኚᩘ࠿ࡽࡢ๐㝖
 
௨ୖࡢࡼ࠺࡟ࠊᅇ㊰᪉⛬ᘧࡀᵓ⠏ࡉࢀࡿࡀࠊᐇ㝿࡟ࡣࠊᘧ(3-11)ࡢ᪉⛬ᘧࡣࢥࣥࢲࢡࢱࣥ
㼕䚷ิ 㼖䚷ิ ᐃᩘ䝧䜽䝖䝹
㼕䚷⾜ * * 
㼖䚷⾜ * * 
㼕䚷ิ 㼖䚷ิ ᐃᩘ䝧䜽䝖䝹
㼕䚷⾜ 0 0 Is
㼖䚷⾜ 0 0 -Is
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»
¼
º
««
«
¬
ª
 
»»
»
¼
º
««
«
¬
ª
»»
»
¼
º
««
«
¬
ª



0
0
3
2
1
2020
2211
0110
SI
v
v
v
GGGG
GGGG
GGGG
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ࢫせ⣲࡛ᵓᡂࡉࢀࡓᕥ㎶ࡢ⾜ิࡀṇ๎࡛࡞࠸ࡓࡵゎࡃࡇ࡜ࡀ࡛ࡁ࡞࠸ࠋࡇࢀࡣ≀⌮ⓗ࡟ࡣࠊ
ᇶ‽㟁఩ࢆᐃࡵ࡞ࡅࢀࡤࠊ⠇Ⅼ㟁఩ࡣ↓ᩘ࡟Ꮡᅾࡋ࠺ࡿࡇ࡜࠿ࡽࡶ⌮ゎ࡛ࡁࡿࠋ 
ᚑࡗ࡚ࠊ࠸ࡎࢀ࠿ࡢ⠇Ⅼࡢ㟁఩ࢆᇶ‽㟁఩࡜ࡋࠊᇶ‽㟁఩࡟ᑐᛂࡍࡿ⾜࡜ิࢆ๐㝖ࡋࡓ
⾜ิᘧࢆᅇ㊰᪉⛬ᘧ࡜ࡋ࡚౑⏝ࡍࡿ஦ࡀᬑ㏻࡛࠶ࡿࠋᘧ(3-11)࡛ࠊ⠇Ⅼճࡢ㟁఩ࢆᇶ‽࡜ࡋࠊ
0V࡜ࡋࡓሙྜࡣࠊ3⾜┠࡜ 3ิ┠ࢆ๐㝖ࡋࡓࠊᘧ(3-12)࡜࡞ࡿࠋ 
 
»¼
º«¬
ª »¼
º«¬
ª»¼
º«¬
ª


SIv
v
GGG
GGG 0
2
1
211
110
 (3-12) 
 
3.5.4. ືⓗせ⣲ࡢᢅ࠸㸦࢟ࣕࣃࢩࢱ㸧
 
⥺ᙧࡢ⌮᝿࢟ࣕࣃࢩࢱࡣᯞࡢ୧➃㟁ᅽ㸦ᯞ㟁ᅽ㸧ࢆ vࠊᯞ࡟ὶࢀࡿ (ᯞ㟁ὶ)ࢆ i࡜ࡍࡿ࡜ࠊ 
iv
dt
dC  
 (3-13) 
࡜⾲ࡏࡿࠋ 
ࡇࡢᘧࡣᖖᚤศ᪉⛬ᘧ࡛࠶ࡿ࠿ࡽࠊ➨ 2 ❶࡛♧ࡋࡓࡍ࡭࡚ࡢᩘ್ィ⟬ᡭἲࢆ⏝࠸࡚ᕪศ
᪉⛬ᘧ࡟ኚ᥮ࡍࡿ஦ࡀ࡛ࡁࡿࠋ 
ࡇࡇ࡛ࠊ㞳ᩓ໬ࡉࢀࡓᯞ㟁ᅽࢆ vnࠊྠࡌࡃᯞ㟁ὶࢆ in࡜ࡋࠊᚋ㏥ Euler ἲ࡛ᘧ(3-13)ࢆ
ィ⟬ࡍࡿ࡜ࠊ 
 
        (3-16) 
11   nn ivdt
dC
       (3-17) 
ࡼࡾࠊ 
 
        (3-18) 
 
         (3-19) 
 
࡜࡞ࡿࠋ 
 
ࡇࡇ࡛ࠊin+1࡜ vn+1ࡢ㛵ಀࡣࠊྠ᫬้ࡢᯞ㟁ᅽ࡜ᯞ㟁ὶࡢ㛵ಀ࡛࠶ࡿ࠿ࡽࠊ᢬ᢠせ⣲㸦ࢥ
ࣥࢲࢡࢱ㸧࡟ࡼࡾ⤖ࡧ௜ࡅࡽࢀࡿ࡜⪃࠼ࡿࡇ࡜ࡀ࡛ࡁࡿࡓࡵࠊ௬᝿ⓗ࡞᢬ᢠ GeqCࢆᑟධࡍ
ࡿࠋ 
ࡉࡽ࡟ࠊin+1࡟ᑐࡋࠊvnࡣࡍ࡛࡟ィ⟬ࡉࢀࡓ᪤▱ࡢ್࡛࠶ࡿ࠿ࡽࠊin+1࡜ࡣ↓㛵ಀ࡞⊂❧
11   nnn vdt
dhvv
11   nnn iC
hvv
nnn vh
Cv
h
Ci   11
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㟁ὶ※࡜ࡋ࡚ᢅ࠸ࠊIeqCࢆᐃ⩏ࡍࡿࠋ 
ࡍ࡞ࢃࡕࠊ 
 
   (3-20)         (3-21) 
࡜⨨ࡃ࡜ࠊ 
 
           (3-22) 
࡜⌮ゎࡍࡿ஦ࡀ࡛ࡁࠊࡇࢀࡣᅇ㊰ᅗ࡛♧ࡍ࡜ࠊᅗ 3.4࡛࠶ࡿࠋ 
 
ᅗ 3.4 ⥺ᙧ࢟ࣕࣃࢩࢱࡢ➼౯ᅇ㊰ 
 
ᚑࡗ࡚ࠊ࢟ࣕࣃࢩࢱࡢ͆ࢫࢱࣥࣉ͇ࡣ᢬ᢠせ⣲࡜ᐃ㟁ὶ※ࡢ⤌ࡳྜࢃࡏ࡛ 
 
࡜ࡍࡿࡇ࡜ࡀ࡛ࡁࡿࠋ 
 
ྎᙧ✚ศἲࢆ⏝࠸ࡓሙྜࡣࠊ 
 
               (3-23) 
ࡼࡾࠊ 
 
              (3-24) 
 
                                (3-25) 
࡛࠶ࡾࠊ 
             
(3-26)  
 
(3-27) 
 
㼕䚷ิ 㼖䚷ิ ᐃᩘ䝧䜽䝖䝹
㼕䚷⾜ GeqC -GeqC -IeqC
㼖䚷⾜ -GeqC GeqC IeqC
neqC vh
CI  
h
CGeqC  
eqCneqCn IvGi   11
¹¸
·
©¨
§   nnnn vdt
dv
dt
dhvv 11 2
 
nnnn
nnnn
iv
h
Cv
h
Ci
ii
C
hvv
 
 


22
2
11
11
h
CGeqC
2 
nneqC ivh
CI  2
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࡜ࡍࡿࡇ࡜ࡀ࡛ࡁࡿࠋ௨ୖࡣࠊᘧࡢ⾲⌧ࡣ␗࡞ࡿࡀࠊDommelࡢㄽᩥ[31]ࡸ[37]ࡀヲࡋ࠸ࠋ 
 
ཧ⪃ࡲ࡛࡟ࠊࡉࡽ࡟ BDF/Gearἲࡢ 2ḟࡢሙྜࢆグࡍ࡜ࠊ 
   
                (3-26) 
 
࡛࠶ࡿ࠿ࡽࠊ 
 
 
              (3-27) 
 
              (3-28) 
 
࠶ࡿࡢ࡛ࠊ 
 
                      (3-29) 
 
    (3-30) 
 
࡜ࡋ࡚ᢅ࠺ࡇ࡜ࡀ࡛ࡁࡿࠋ 
 
࡞࠾ࠊィ⟬ᡭἲ࡜ࡋ࡚๓㐍 Euler ἲࢆ⏝࠸ࡿࡇ࡜ࡶྍ⬟࡛࠶ࡿࡀࠊ➨ 2 ❶࡟㏙࡭ࡓࡼ࠺
࡟ࠊ๓㐍 Euler ἲࡣィ⟬ࡢᏳᐃᗘࡀపࡃࠊ⠇Ⅼゎᯒἲࢆ⏝࠸ࡿሙྜࡣࠊࡶ࡜ࡶ࡜⾜ิࡀᕥ
࡟࠶ࡿ㛵ಀୖࠊィ⟬㈇Ⲵࡀ㍍࠸࡜࠸࠺࣓ࣜࢵࢺࡶ࡞࠸ࠋᚑࡗ࡚ࠊ⠇Ⅼゎᯒἲ࡟࠾࠸࡚㞳ᩓ
໬ᡭἲ࡟๓㐍 Eulerἲࡀ⏝࠸ࡽࢀࡿࡇ࡜ࡣ࡞࠸ࠋ 
 
3.5.5. ືⓗせ⣲ࡢᢅ࠸㸦࢖ࣥࢲࢡࢱ㸧
 
⥺ᙧࡢ⌮᝿࢖ࣥࢲࢡࢱࡣࠊྠࡌࡼ࠺࡟୧➃㟁ᅽ㸦ᯞ㟁ᅽ㸧ࢆ vࠊὶࢀࡿ㟁ὶ(ᯞ㟁ὶ)ࢆ i
࡜ࡍࡿ࡜ࠊ 
vi
dt
dL  
  (3-31) 
࡛࠶ࡿ࠿ࡽࠊ 
ᚋ㏥ Eulerἲ࡛ࡣࠊ 
 
           (3-32) 
111 3
2
3
1
3
4
  nnnn vdt
dhvvv
111 3
2
3
1
3
4
  nnnn iC
hvvv
¹¸
·
©¨
§   111 3
1
3
4
2
3
nnnn vvvh
Ci
h
CGeqC 2
3 
nneqC ivh
CI
2
12  
11   nnn idt
dhii
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ࡼࡾࠊ 
 
(3-33)   
 
 (3-34) 
 
            (3-35) 
 
࡜ࠊྠᵝ࡟⾲ࡏࠊ➼౯ᅇ㊰ࡶᅗ 3.5࡜࡞ࡿࠋ 
 
 
ᅗ 3.5 ⥺ᙧ࢖ࣥࢲࢡࢱࡢ➼౯ᅇ㊰ 
 
ྎᙧ✚ศἲࡢሙྜࡣࠊ 
 
                      (3-36) 
 
                      (3-37) 
 
࡛࠶ࡿࠋ 
 
௨ୖࡢࡼ࠺࡟࢖ࣥࢲࢡࢱࡣ࢟ࣕࣃࢩࢱ࡜ྠࡌࡃ➼౯ࢥࣥࢲࢡࢱ࡜➼౯㟁ὶ※࡛⾲ࡍࡇ࡜
ࡀ࡛ࡁࡿࡢ࡛ࠊྠࡌࡼ࠺࡟͆ࢫࢱࣥࣉ͇ࢆసᡂࡍࡿ஦ࡀ࡛ࡁࠊ௨ୗ࡜࡞ࡿࠋ 
 
 
3.5.6. ࢧࣥࣉࣝᅇ㊰ࡢᐃᘧ໬
 
3.4 ⠇࡛ᑟධࡋࡓࢧࣥࣉࣝᅇ㊰ࡢ࢟ࣕࣃࢩࢱ࡜࢖ࣥࢲࢡࢱࡣᘧ(3-22)࡜ᘧ(3-35)࡛㟁ὶ※
࡜ࢥࣥࢲࢡࢱ࡟ኚ᥮ࡉࢀࡿࡓࡵࠊᅗ 3.6࡜࡞ࡿࠋ 
㼕䚷ิ 㼖䚷ิ ᐃᩘ䝧䜽䝖䝹
㼕䚷⾜ GeqL -GeqL -IeqL
㼖䚷⾜ -GeqL GeqL IeqL
neqL iI  
L
hGeqL  
L
hGeqL 2
 
nneqL ivL
hI  
2
eqLneqLn IvGi   11
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ᅗ 3.6 ࢧࣥࣉࣝ RLCᅇ㊰ࡢ⠇Ⅼゎᯒἲࡢሙྜࡢ➼౯ᅇ㊰ 
 
 
 
                                  (3-38) 
࢟ࣕࣃࢩࢱࠊ࢖ࣥࢲࢡࢱ࡜ࡶ࡟ྎᙧ✚ศἲ࡛㞳ᩓ໬ࡋࡓሙྜࡣࠊ 
 
 
 
     (3-39)                 (3-40) 
 
                         (3-41) 
 
 
 
     (3-42)                 (3-43) 
 
                                 (3-44) 
 
௨ୖࡢィ⟬ᘧࢆලయⓗ࡟ィ⟬ࡍࡿMATLABࡢM-Scriptࢆ௜㘓ࣜࢫࢺ 1࡟♧ࡍࠋ 
 
 
3.6. ಟṇ⠇Ⅼゎᯒἲ㸦Modified Nodal Analysis Method㸧
 
⠇Ⅼゎᯒἲࡣ͆ࢫࢱࣥࣉ͇ࢆ฼⏝ࡍࡿࡇ࡜࡛ࠊᐜ᫆࡟ᅇ㊰᪉⛬ᘧࡀᵓ⠏࡛ࡁࡿࡓࡵࠊᗈ
ࡃ⏝࠸ࡽࢀ࡚ࡁࡓᡭἲ࡛࠶ࡿࠋࡋ࠿ࡋࠊKCLࡢࡳࢆ⏝࠸ࡿᐃᘧ໬ࡢࡓࡵࠊ 
ۍ㟁ᅽ※ࢆ┤᥋ྲྀࡾᢅ࠼࡞࠸  
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ۍᯞ㟁ὶࡀ┤᥋ィ⟬ࡉࢀ࡞࠸э࢖ࣥࢲࢡࢱ㟁ὶࡀ┤᥋ィ⟬ࡉࢀ࡞࠸ 
࡜࠸࠺ၥ㢟ࡀ࠶ࡿࠋ 
ࡲࡓࠊᯞ࡜ࡋ࡚ᡤᐃࡢࢥࣥࢲࢡࢱࣥࢫ್ࢆᣢࡘ࡜ࡋ࡚ᐃ⩏ࡋࡓ⣲Ꮚࢆ୍᫬ⓗ࡟ࢩ࣮ࣙࢺ
ࡉࡏࡿ㸦ࢥࣥࢲࢡࢱࣥࢫ್=҄㸧࡞࡝ࡢฎ⌮ࡀ⾜࠸࡟ࡃ࠸࡜࠸࠺Ⅼ࡛ࡶၥ㢟ࡀ࠶ࡿࠋ 
ࡑࡢࡼ࠺࡞ၥ㢟ࢆゎᾘࡍࡿࡶࡢ࡜ࡋ࡚⪃᱌ࡉࢀࡓࡶࡢࡀࠊಟṇ⠇Ⅼゎᯒἲ࡛࠶ࡿࠋࡇࢀ
ࡣ SPICE2 ࡟⏝࠸ࡽࢀࠊ༤ኈㄽᩥ[5]࡛බ㛤ࡉࢀࡓࡇ࡜ࡼࡾࠊ௒᪥࡛ࡣ SPICE ࡢᐃᘧ໬ᡭ
ἲ࡜ࡋ࡚ᗈࡃ▱ࡽࢀ࠾ࡾࠊSPICE ࢆඖ࡟ࡋࡓᅇ㊰ࢩ࣑࣮ࣗࣞࢱࡢゎㄝ᭩[36]ࡸᅇ㊰ィ⟬ࡢ
ᩍ⛉᭩[38]࡞࡝࡛ヲ⣽ࢆ▱ࡿࡇ࡜ࡀ࡛ࡁࡿࠋ 
 
3.6.1. ᇶᮏⓗ࡞⪃࠼᪉
 
⠇Ⅼゎᯒἲ࡛ࡣᮍ▱ኚᩘ࡜ࡋ࡚⠇Ⅼ㟁ᅽࡢࡳࢆᢅࡗࡓࡀࠊಟṇ⠇Ⅼゎᯒἲ࡛ࡣࠊࡇࢀ࡟
ຍ࠼㟁ᅽ※ࢆὶࢀࡿ㟁ὶࠊ௵ពࡢᯞ㟁ὶࠊ㟁※࡟ࡼࡾไᚚࡉࢀࡿ㟁ὶ※ࢆᮍ▱ኚᩘ࡟ຍ࠼
ࡿࠋ 
ࡑࡢ⤖ᯝࠊᅇ㊰ἲᡭᘧࡣ 
 
             (3-45) 
࡜࡞ࡿࠋ 
ࡇࡇ࡛ࠊ 
v㸸⠇Ⅼ㟁ᅽኚᩘ࣋ࢡࢺࣝ 
i㸸௜ຍࡋࡓᯞ㟁ὶኚᩘ࣋ࢡࢺࣝ 
Y㸸࢔ࢻ࣑ࢱࣥࢫ⾜ิ㸦⠇Ⅼゎᯒἲ࡜ྠࡌ㸧 
B㸸௜ຍࡋࡓᯞ㟁ὶኚᩘࡢ KCL᪉⛬ᘧ࡬ࡢ⤌ࡳ㎸ࡳࡢࡓࡵࡢಀᩘ㸦Yv+Bi=Is㸧 
Is㸸⊂❧㟁ὶ※ 
Vs㸸⊂❧㟁ᅽ※ 
࡛࠶ࡿࠋ 
Y⾜ิࡢᵓᡂࡣࠊ⠇Ⅼゎᯒἲ࡜ྠᵝ࡞ࢥࣥࢲࢡࢱࣥࢫせ⣲࡛࠶ࡿࠋB⾜ิࡣࠊKCL࡬ᯞ
㟁ὶኚᩘ(=i)ࢆ⤌ࡳ㎸ࡴࡓࡵࠊᑐ㇟࡜࡞ࡿ⠇㸦⾜␒ྕ㸧࡟ᑐࡋࠊᯞ㟁ὶኚᩘࡀὶࢀฟ࡚࠸ࢀ
ࡤ 1ࠊὶࢀ㎸ࢇ࡛࠸ࢀࡤ-1ࠊ᥋⥆ࡀ↓ࡅࢀࡤ 0࡜ࡍࡿࡀࠊᐇ㝿࡟ࡣ௨ୗ࡟ㄝ᫂ࡍࡿࢫࢱࣥࣉ
࡟ࡼࡾ CࠊD⾜ิ࡜ඹ࡟ᵓᡂࡉࢀࡿࠋ 
 
3.6.2. ලయⓗ࡞᪉⛬ᘧࡢᵓ⠏ἲ-1㸦➼౯㟁ὶ※᪉ᘧ㸧
 
B,C,D⾜ิࡢᵓᡂ࡟౑⏝ࡍࡿࢫࢱࣥࣉࡣ2✀㢮࠶ࡿࠋඛࡎࠊཧ⪃ᩥ⊩[38]࡟ࡼࡿ᪉ἲ࡛ࡣࠊ 
⠇Ⅼ-i࡜⠇Ⅼ-i࡟᥋⥆ࡉࢀࡓᯞࡢ㟁ὶࢆኚᩘ࡜ࡋࠊࡇࢀࡀኚᩘ࣋ࢡࢺࣝࡢ r⾜┠࡟㓄⨨ࡉࢀ
ࡿሙྜࡣࠊ௨ୗࡢࢫࢱࣥࣉࢆ⠇Ⅼゎᯒ࡛⏝࠸ࡓ㟁ᅽኚᩘ࡟ᑐࡍࡿࢫࢱࣥࣉ࡟㏣ຍࡋ࡚౑⏝
»¼
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º«¬
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ࡍࡿᵓᡂࡍࡿࠋ 
᢬ᢠ⣲Ꮚࡢሙྜࡣࠊ 
 
࢟ࣕࣃࢩࢱࣥࢫ⣲Ꮚࡢሙྜࡣࠊ 
 
࢖ࣥࢲࢡࢱࣥࢫ⣲Ꮚࡢሙྜࡣ 
 
࡜࡞ࡿࠋ 
 
 iࠊjࡢせ⣲ࡣࠊᘧ(3-45)ࡢ Y⾜ิࢆᵓᡂࡋࠊrิࠊr⾜ࡢせ⣲ࡀࠊBࠊCࠊD⾜ิ࡜࡞ࡿࠋ 
࡞࠾ࠊࡇࡇ࡛⏝࠸ࡿ GeqCࠊGeqLࠊIegCࠊ࠾ࡼࡧ IeqL ࡣ⠇Ⅼゎᯒἲ࡛⏝࠸ࡓࠊ➼౯ࢥ
ࣥࢲࢡࢱࣥࢫ࡜➼౯㟁ὶ※࡛࠶ࡿࠋ 
 
3.6.3. ලయⓗ࡞᪉⛬ᘧᵓ⠏ἲ-ϩ㸦➼౯㟁ᅽ※᪉ᘧ㸧
 
ࡇࢀᑐࡋࠊSPICE ⣔ࡢゎㄝ᭩[36]࡛⤂௓ࡉࢀ࡚࠸ࡿᡭἲ࡛ࡣࠊ࢖ࣥࢲࢡࢱࢆᅗ 3.7 ࡢ➼
౯᢬ᢠ㸩➼౯㟁ᅽ※࡛⾲ࡋࠊᘧ(3-46)ࢆ⏝࠸ࡿࠋ 
 
            (3-46) 
 
ᅗ 3.7 ⥺ᙧ࢖ࣥࢲࢡࢱࡢ➼౯ᅇ㊰ 
 
㼕䚷ิ 㼖䚷ิ 㼞䚷ิ ᐃᩘ䝧䜽䝖䝹
㼕䚷⾜ 0 0 +1 0
㼖䚷⾜ 0 0 㻙㻝 0
㼞䚷⾜ G -G -1 0
㼕䚷ิ 㼖䚷ิ 㼞䚷ิ ᐃᩘ䝧䜽䝖䝹
㼕䚷⾜ 0 0 +1 0
㼖䚷⾜ 0 0 㻙㻝 0
㼞䚷⾜ GeqC -GeqC -1 -IeqC
㼕䚷ิ 㼖䚷ิ 㼞䚷ิ ᐃᩘ䝧䜽䝖䝹
㼕䚷⾜ 0 0 +1 0
㼖䚷⾜ 0 0 㻙㻝 0
㼞䚷⾜ GeqL 䠉㻳㼑㼝㻸 -1 -IeqL
eqLneqLn Virv   11
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ࡇࡇ࡛⏝࠸ࡿࢫࢱࣥࣉࡣ௨ୗ࡛࠶ࡿࠋ 
 
ࡇࡇ࡛ࡣࠊ࢖ࣥࢲࢡࢱࢆ⾲ࡍᕪศ᪉⛬ᘧࡢ㟁ὶ࡜㟁ᅽࡢ㛵ಀࡀ㏫࡟࡞ࡗ࡚࠸ࡿࡓࡵࠊᕪ
ศ᪉⛬ᘧࡢᑟฟࢆ࠶ࡽࡓࡵ࡚⾜࠺ᚲせࡀ࠶ࡿࡀࠊ࢟ࣕࣃࢩࢱࠊ࢖ࣥࢲࢡࢱ࡜ࡶ࡟ィ⟬ࢫࢸ
ࢵࣉ࡛࠶ࡿ hࡀศẕ࡟⾲ࢀࡿࡢ࡛ࠊ⾜ิࡢࣂࣛࣥࢫࡣⰋࡃ࡞ࡿࠋ 
௨ୗ࡟ࠊᚋ㏥ Eulerἲ࡜ྎᙧ✚ศἲ࡟࠾ࡅࡿ➼౯᢬ᢠ reqL࡜➼౯㟁ᅽ※ VeqLࢆ♧ࡍࠋ 
 
ᚋ㏥ Eulerἲ 
 
(3-47)                                  (3-48) 
  
ྎᙧ✚ศἲ 
 
(3-49)               (3-50) 
 
3.6.4. ࢧࣥࣉࣝᅇ㊰ࡢᐃᘧ໬
 
௨ୗ࡟SPICEὶࡢ࢖ࣥࢲࢡࢱࢆ㟁ᅽ※࡜ࡍࡿᡭἲ࡛ࢧࣥࣉࣝRLCᅇ㊰ࡢ᪉⛬ᘧࢆᑟࡃࠋ 
 
ᅗ 3.8ࢧࣥࣉࣝ RLCᅇ㊰ࡢ⠇Ⅼゎᯒἲࡢሙྜࡢ➼౯ᅇ㊰ 
 
ᅗ 3.8ࡢ➼౯ᅇ㊰ࡣ⠇Ⅼࡢᩘࡀ 3࠿ᡤ࡟ቑ࠼ྛࠊ ⠇Ⅼ㟁ᅽ࡟ຍ࠼ࠊ㟁ᅽ※࠾ࡼࡧ࢖ࣥࢲࢡ
ࢱ࡟ὶࢀࡿ㟁ὶࢆኚᩘ࡜ࡍࡿࡇ࡜࡟ࡼࡾࠊ⾜ิつᶍࡣ⠇Ⅼゎᯒἲࡢ 22 ࠿ࡽ 55 ࡬኱ࡁ
ࡃᣑ኱ࡍࡿࡀࠊ㟁ᅽ※ࡸ࢖ࣥࢲࢡࢱ࡟ὶࢀࡿ㟁ὶࡢ್ࢆ┤᥋⟬ฟࡍࡿࡇ࡜ࡀ࡛ࡁࡿࠋ 
 
㼕䚷ิ 㼖䚷ิ 㼞䚷ิ ᐃᩘ䝧䜽䝖䝹
㼕䚷⾜ 0 0 1 0
㼖䚷⾜ 0 0 㻙㻝 0
㼞䚷⾜ 䠇1 䠉䠍 -reqL VeqL
ձ ղ ճ
LI
EI
h
LreqL  
neqL ih
LV  
h
LreqL
2 nneqL vih
LV  2
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                
(3-51) 
 
                          (3-52) 
  
       (3-53) 
    
(3-54a) 
 
(3-54b) 
 
                     (3-55) 
 
         (3-56) 
     
    
(3-57a) 
 
(3-57b) 
 
௨ୖࢆMATLABࡢm-script࡛ᐇ⿦ࡋࡓࡶࡢࢆ௜㘓ࣜࢫࢺ㸰࡟♧ࡍࠋ 
 
3.7. ࢫࣃ࣮ࢫࢱࣈ࣮ࣟἲ㸦Sparse Tableau Method㸧
 
⠇Ⅼゎᯒἲ࡛ࡣࠊKCL࡜ BCEࡢࡳࢆ⏝࠸ࡿࡇ࡜࡟ࡼࡾࠊ3.6⠇ࡢಟṇ⠇Ⅼἲ࡛ᣦ᦬ࡋࡓ
ࡼ࠺࡞ၥ㢟ࡀ࠶ࡿࡓࡵࠊࡇࢀ࡟ᑐᛂࡋ࡚㛤Ⓨࡉࢀࡓᡭἲࡀࢫࣃ࣮ࢫࢱࣈ࣮ࣟἲ࡛࠶ࡿ[39]ࠋ
Ṕྐⓗ࡟ࡣࠊಟṇ⠇Ⅼゎᯒἲࡼࡾ᪩ࡃᥦ᱌ࡉࢀ࡚࠸ࡿࠋ 
ࡇࡢᡭἲ࡛ࡣࠊつᶍࡣ኱ࡁ࠸ࡀ⾜ิࡢせ⣲࡟ 0 ࢆከࡃྵࡴࢫࣃ࣮ࢫᛶࡢᙉ࠸⾜ิࡀ⏕ᡂ
ࡉࢀࡿࠋࢫࣃ࣮ࢫ⾜ิࡣຠ⋡ⓗ࡞ィ⟬ᡭἲࡀᵝࠎ࡟◊✲ࡉࢀ࡚࠸ࡿࡓࡵࠊつᶍࡢ኱ࡁࡉ࡯
࡝࡟ࡣィ⟬㈇Ⲵࡣ㧗ࡃ࡞ࡽ࡞࠸ࠋᚑࡗ࡚ࠊࢫࣃ࣮ࢫ⾜ิࡢィ⟬ᡭἲࡀ㘽࡜࡞ࡿࡓࡵࠊࢫ࣮
ࣃ࣮ࢱࣈ࣮ࣟἲ࡜࿧ࡤࢀࡿࠋࢫࣃ࣮ࢫࢱࣈ࣮ࣟἲࡢᚋ࡟ಟṇ⠇Ⅼゎᯒἲࡀ㛤ⓎࡉࢀࠊSPICE
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ࡀ᥇⏝ࡋࡓࡇ࡜ࡼࡾࠊ௒᪥࡛ࡣಟṇ⠇Ⅼゎᯒἲࡀ୺ὶ࡟࡞ࡗ࡚࠸ࡿࡀࠊࡍ࡭࡚ࡢᯞ㟁ᅽࠊ
ᯞ㟁ὶࡀ┤᥋⟬ฟࡉࢀࡿ࡞࡝ࠊඃࢀࡓ≉ᚩࡀ࠶ࡿᡭἲ࡛࠶ࡿࠋ 
 
3.7.1. ᥋⥆⾜ิࡢᑟධ
 
ࢫࣃ࣮ࢫࢱࣈ࣮ࣟἲ࡛ࡣࠊᅇ㊰ࡢ᥋⥆᝟ሗ࡜ࡋ࡚ࠊ᭷ྥࢢࣛࣇ⌮ㄽ࡟ᇶ࡙ࡃࠊ᥋⥆⾜ิ
(Incident Matrix)ࢆ฼⏝ࡍࡿࠋ 
᥋⥆⾜ิ࡜ࡣࠊᅇ㊰ࢆ␒ྕࡀ᣺ࡽࢀࡓ⠇࡜ᯞ࡛⾲ࡋࡓᚋࠊ 
    1㸸ᯞ jࡀ⠇Ⅼ i࠿ࡽฟࡿྥࡁ࡟᥋⥆ࡉࢀ࡚࠸ࡿ 
 aij㸻    -1㸸ᯞ jࡀ⠇Ⅼ i࠿ࡽධࡿྥࡁ࡟᥋⥆ࡉࢀ࡚࠸ࡿ 
        0㸸ᯞ jࡣ⠇Ⅼ i࡟᥋⥆ࡉࢀ࡚࠸࡞࠸ 
࡜࠸࠺࣮࡛ࣝࣝసᡂࡉࢀࡓ⾜ิ࡛࠶ࡿࠋ 
ᅗ 3.9ࡢᅇ㊰࡛࠶ࢀࡤࠊ 
     
ᅗ 3.9 ౛㢟ࡢᅇ㊰          3.10 ౛㢟ࡢᅇ㊰ࡢ᭷ྥࢢࣛࣇ⾲⌧ 
 
ᅗ 3.10ࡢࡼ࠺࡞᭷ຠࢢࣛࣇ࡜ࡋ࡚⾲ࡍࡇ࡜ࡀ࡛ࡁࡿࠋ 
 
ᅗ 3.11 ᥋⥆⾜ิ⾲⌧ 
 
᥋⥆⾜ิࡣᅗ 3.11࡛࠶ࡿࠋ 
 
࡞࠾ࠊ⠇Ⅼゎᯒࡢሙྜ࡜ྠᵝ࡟ࠊᇶ‽Ⅼࢆタࡅ࡞࠸࡜ゎࡀ୙ᐃ࡜࡞ࡿ㛵ಀୖࠊᇶ‽࡜࡞
ࡿ⠇Ⅼࢆ๐㝖ࡋࡓ᥋⥆⾜ิࢆ⏝࠸ࡿࡇ࡜ࡀᬑ㏻࡛࠶ࡿࠋ㸦ᅗ 3.11ࡢ౛࡛࠶ࢀࡤ➨ 4⾜ࢆ๐㝖
ࡍࡿ㸧 
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3.7.2. ࢱࣈ࣮ࣟ᪉⛬ᘧࡢᵓ⠏
 
ࢫࣃ࣮ࢫࢱࣈ࣮ࣟἲ࡛ࡣࠊKCLࠊKVLࠊࡑࡋ࡚ BCE ࡢࡍ࡭࡚ࢆ୍ࡘࡢ⾜ิᘧ࡛グ㏙ࡍ
ࡿࠋ 
ࡍ࡞ࢃࡕࠊ᥋⥆⾜ิ Dࠊᯞ㟁ὶ࣋ࢡࢺࣝ Ibࠊᯞ㟁ᅽ࣋ࢡࢺࣝ Vbࠊ⠇Ⅼ㟁ᅽ Vn࡛࠶ࡿ࡞ࡽ
ࡤࠊ௨ୗࡢᘧࡀᡂ❧ࡍࡿࠋ 
  KCL: DIb=0    (3-58) 
  KVL㸸 Vb㸻DTVn  (3-59) 
 
ࡇࡇ࡛ࠊࡑࢀࡒࢀࡢᯞࡣࠊࢥࣥࢲࢡࢱࣥࢫ࡛ᐃ⩏ࡍࡿᯞ㸦G ᯞ㸧࡜ࣞࢪࢫࢱࣥࢫ࡛ᐃ⩏
ࡍࡿᯞ㸦Rᯞ㸧࡜࡟ศ㢮ࡋࠊࡑࢀࡒࢀࡢᯞ࡟ࡘ࠸࡚ BCEࢆᐃ⩏ࡍࡿࠋ 
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V    (3-60) 
 
BCE㸦Gᯞ㸧㸸 IbG㸩G VbG=IS   (3-61) 
BCE㸦Rᯞ㸧㸸 R IbR+VbR =VS   (3-62) 
 
G ࡜ R ࡣࠊࡑࢀࡒࢀᑐᛂࡍࡿᯞࡢࢥࣥࢲࢡࢱࣥࢫᡂศ࡜ࣞࢪࢫࢱࣥࢫᡂศࢆᑐゅせ⣲࡟
ᣢࡘṇ᪉⾜ิ࡛࠶ࡿࠋ 
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  (3-63)
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  (3-64) 
 
௨ୖࢆࡲ࡜ࡵࡿ࡜ࢫࣃ࣮ࢫࢱࣈ࣮ࣟ᪉⛬ᘧࡣࠊ 
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 (3-65) 
 
࡜グ㏙࡛ࡁࡿࠋࡇࡇ࡛ࠊ1|Rࡣࠊᑐᛂࡍࡿ Ibࡀ Gᯞࡢ᫬ࡣ 1ࠊRᯞࡢ᫬ࡣ R⾜ิࡢᑐゅᡂ
ศࢆᑐゅᡂศ࡟ᣢࡘ⾜ิ࡛࠶ࡾࠊG|1ࠊIs|Vsࡶྠᵝࡢព࿡࡛࠶ࡿࠋ 
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 ࡇࡢࢱࣈ࣮ࣟ᪉⛬ᘧࢆゎࡃࡇ࡜࡛ࠊ⠇Ⅼ㟁ᅽࡔࡅ࡛࡞ࡃࠊࡍ࡭࡚ࡢᯞ㟁ὶࠊᯞ㟁ᅽࢆồ
ࡵࡿࡇ࡜ࡀ࡛ࡁࠊࡲࡓୖグ࡟♧ࡋࡓ⠇ⅬゎᯒἲࡢḞⅬࡶࡍ࡭࡚ゎᾘࡍࡿࡇ࡜ࡀ࡛ࡁࡿࠋ 
ࢫࣃ࣮ࢫࢱࣈ࣮ࣟἲࡢ᭱኱ࡢၥ㢟Ⅼࡣゎࡃ࡭ࡁ㏫⾜ิࡢつᶍࡀ኱ࡁࡃ࡞ࡿࡇ࡜ࡔࡀࠊᘧ
(3-65)ࡀ♧ࡍࡼ࠺࡟⾜ิࡢࢫࣃ࣮ࢫᛶࡣ㧗ࡃࠊせ⣲ࡀ 0 ࡢሙྜࡣィ⟬ࢆᚲせ࡜ࡋ࡞࠸ࡓࡵࠊ
㏆ᖺ◊✲ࡀ㐍ࢇ࡛࠸ࡿࢫࣃ࣮ࢫ⾜ิ࡟ᑐࡍࡿຠ⋡ⓗ࡞ゎἲࡀ฼⏝࡛ࡁࡿࠋ 
 
3.7.3. ࢧࣥࣉࣝᅇ㊰ࡢᐃᘧ໬
 
ᅗ 3.12ࢧࣥࣉࣝᅇ㊰࡟ᑐࡍࡿᯞ㟁ὶ㸭ᯞ㟁ᅽࡢᐃ⩏ 
 
3.4⠇࡛ᑟධࡋࡓࢧࣥࣉࣝᅇ㊰ࡢሙྜࠊ⠇Ⅼࢆձ~մࠊᯞ㟁ὶࢆᅗࡢࡼ࠺࡟ࠊi1~i4ࠊVb1~Vb3
࠾ࡼࡧ V1࡜ࡍࡿ࡜ࠊ 
᥋⥆⾜ิ D’ࡣ 
 
 
 
                (3-66) 
 
࡛࠶ࡿࡀࠊ⠇Ⅼゎᯒἲࡢሙྜ࡜ྠࡌࡃմࢆ GND㟁఩࡜ࡋ࡚๐㝖ࡋࠊ௨ୗࢆᚓࡿࠋ 
 
 
 
(3-67) 
࢟ࣕࣃࢩࢱࡀ࠶ࡿᯞࢆࢥࣥࢲࢡࢱࣥࢫᯞ࡜ࡋࠊ⠇Ⅼゎᯒ࡜ྠᵝ࡟ྎᙧ✚ศἲ࡟ࡼࡾ㞳ᩓ
໬ࡉࢀࡓ BCEࢆồࡵࡿ࡜ࠊ 
 
 
               (3-68) 
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࢖ࣥࢲࢡࢱࡢᯞࢆࣞࢪࢫࢱࣥࢫᯞ࡜ࡋࠊSPICE ࢱ࢖ࣉࡢಟṇ⠇Ⅼゎᯒ࡜ྠᵝ࡟ྎᙧ✚ศ
ἲ࡟ࡼࡾ㞳ᩓ໬ࡋࡓ BCEࢆồࡵࡿ࡜ࠊ 
 
              
(3-69) 
 
᢬ᢠ Rࡢᯞࡣࠊࡑࡢࡲࡲࣞࢪࢫࢱࣥࢫᯞ࡜ࡍࡿࠋ 
௨ୖࡼࡾࢱࣈ࣮ࣟ᪉⛬ᘧࢆồࡵࡿ࡜ࠊ 
 
 
 
 
 
 
 
 
(3-70) 
 
࡛࠶ࡾࠊ1111 ࡢ⾜ิࡀᚓࡽࢀࡿࠋḟඖࡣ☜࠿࡟኱ࡁ࠸ࡀࠊࢫࣃ࣮ࢫᛶࡀ㧗࠸ࡓࡵࠊࡇࢀ
ࢆά⏝ࡋࡓ࢔ࣝࢦࣜࢬ࣒ࢆ⏝࠸ࡿࡇ࡜ࡀ࡛ࡁࢀࡤࠊィ⟬㈇Ⲵࡣࡉ࡯࡝㧗ࡃࡣ࡞ࡽ࡞࠸ࠋ 
ࢫࣃ࣮ࢫࢱࣈ࣮ࣟἲࢆMATLABࡢm-script࡛ᐇ⿦ࢆࡋࡓࡶࡢࢆ௜㘓ࣜࢫࢺ 3࡟♧ࡍࠋ 
 
 
3.8. ࢝ࢵࢺࢭࢵࢺゎᯒ㸦Cut Set Analysis Method㸧
 
࢝ࢵࢺࢭࢵࢺゎᯒࡣࠊࡇࢀࡲ࡛ࡢ⠇Ⅼ㟁ᅽࠊᯞ㟁ᅽࠊᯞ㟁ὶ࡞࡝ࢆᮍ▱ᩘ࡜ࡍࡿゎᯒᡭ
ἲ࡛ࡣ࡞ࡃࠊᅇ㊰ࡢ࢚ࢿࣝࢠ࣮ࡢ཰ᨭࢆᐃࡵࡿ≧ែኚᩘࢆ⏝࠸ࡿᅇ㊰ゎᯒ࡛࠶ࡿࠋ 
 
3.8.1. ࢝ࢵࢺࢭࢵࢺ࡜࣮ࣝࣉࡢᐃ⩏
 
ᅇ㊰ࢆ nಶࡢ⠇Ⅼ(Node)࡜mಶࡢᯞ(Branch)࡟ࡼࡿ᭷ຠࢢࣛࣇ࡛࠶ࡽࢃࡋࡓ࡜ࡁࠊn㸫1
ಶࡢᯞ࡟ࡼࡾ n ಶࡢ⠇Ⅼࢆ⤖ࡧࡘࡅࡿࡇ࡜ࡀ࡛ࡁࡿࠋࡇࢀࢆᮌ㸦Tree㸧࡜࿧ࡪࠋࡇࡢ᫬ m
㸫n+1ಶࡢᮌ࡟ྵࡲࢀ࡞࠸ᯞࡀṧࡿࡀࠊࡇࢀࡽࡢᯞࡢ㞟ྜࢆ⿵ᮌ㸦CoTree㸧࡜࿧ࡪ[39]ࠋ 
᭷ຠࢢࣛࣇࡢᯞ࡟ࣁࢧ࣑ࢆධࢀࠊ᭷ຠࢢࣛࣇࢆ 2 ಶ࡟ศ๭ࡋࡓ࡜ࡁࠊࣁࢧ࣑ࢆ࠸ࢀࡓᯞ
ࡢ㞟ྜࡀ࢝ࢵࢺࢭࢵࢺ࡛࠶ࡿࠋ௨ୗ࡟ཧ⪃ᩥ⊩[40]࡟ᚑࡗ࡚࢝ࢵࢺࢭࢵࢺࡢᴫせࢆㄝ᫂ࡍࡿࠋ 
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ᇶᮏ࢝ࢵࢺࢭࢵࢺ㸦Fundamental Cut Set㸧㸸  
ᅗ 3.13ࡣᮌࢆኴ⥺ࠊ⿵ᮌࢆⅬ⥺࡛⾲ࡋࡓ᭷ྥࢢࣛࣇ࡛࠶ࡿࡀࠊࡇࡢ᭷ຠࢢࣛࣇ࡟࠾࠸࡚ࠊ
ᮌ࡟ྵࡲࢀࡿᯞࢆ୍ࡘࡔࡅྵࡳࠊṧࡾࡢ⿵ᮌ࠿ࡽ࡞ࡿ࢝ࢵࢺࢭࢵࢺࢆᇶᮏ࢝ࢵࢺࢭࢵࢺ࡜
࿧ࡪࠋᅗ 3.13 ࡢሙྜࡢ࢝ࢵࢺࢭࢵࢺձࡣ㹹ᯞ 1ࠊᯞ 5㹻࡛࠶ࡾࠊࡇࡢ୰࡛ᯞ 1 ࡀᮌ࡟ྵࡲ
ࢀࡿᯞ࡛࠶ࡿࠋ 
 
ᅗ 3.13 ࢝ࢵࢺࢭࢵࢺࡢ౛ 
 
ᇶᮏ࢝ࢵࢺࢭࢵࢺࡣࠊ௨ୗࡢ࣮ࣝࣝ࡟ࡼࡾ⏕ᡂࡉࢀࡿ⾜ิ Q࡛⾲ࡍࡇ࡜ࡀ࡛ࡁࡿࠋ 
      1㸸ᯞ jࡀᇶᮏ࢝ࢵࢺࢭࢵࢺ i࡟ᒓࡋࠊ᪉ྥࡀྠࡌ 
Qij =    -1㸸ᯞ jࡀᇶᮏ࢝ࢵࢺࢭࢵࢺ i࡟ᒓࡋࠊ᪉ྥࡀ㏫ 
      0㸸ᯞ jࡀᇶᮏ࢝ࢵࢺࢭࢵࢺ i࡟ᒓࡉ࡞࠸ 
 
ᅗ 3.13ࡢ᭷ຠࢢࣛࣇࡣ 3ᮏࡢᯞ࠿ࡽᵓᡂࡉࢀࡿᮌࢆᣢࡘࡓࡵࠊ࢝ࢵࢺࢭࢵࢺࡣ 3✀㢮Ꮡ
ᅾࡋࠊᅗ 3.14ࡢࡼ࠺࡟ᯞࢆ㑅࡭ࡤࠊ࢝ࢵࢺࢭࢵࢺ⾜ิ Qࡣ௨ୗ࡛࠶ࡿࠋ 
࡞࠾ࠊᘧ(3-71)࡛ࡣิ␒ྕࢆ 1~6ࠊ⾜␒ྕࢆձղճ࡜ὀグࡋ࡚࠸ࡿࡀࠊࡑࢀࡒࢀᯞ␒ྕ࡜ࠊ
࢝ࢵࢺࢭࢵࢺ␒ྕ࡟ᑐᛂࡍࡿࠋ 
 
 
 
  
(3-71) 
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ᅗ 3.14 ᇶᮏ࢝ࢵࢺࢭࢵࢺ 
 
ᇶᮏ࣮ࣝࣉ(Fundamental Loop)㸸 
⿵ᮌࡢ࡞࠿࠿ࡽᯞࢆ 1 ᮏ㑅ࡪ࡜ࠊ㑅ࡤࢀࡓ⿵ᮌ࡜ᮌ࡟ྵࡲࢀࡿᯞ࠿ࡽ࡞ࡿ࣮ࣝࣉࡀ࡛ࡁ
ࡿࠋࡇࢀࢆᇶᮏ࣮ࣝࣉ࡜࿧ࡪ 
ᇶᮏ࣮ࣝࣉ⾜ิ Bࡣ௨ୗࡢ࣮ࣝࣝ࡟ࡼࡾ⏕ᡂࡉࢀࡿ 
 
    1㸸ᯞ jࡀᇶᮏ࣮ࣝࣉ i࡟ᒓࡋࠊ᪉ྥࡀྠࡌ 
bij㸻  -1㸸ᯞ jࡀᇶᮏ࣮ࣝࣉ i࡟ᒓࡋࠊ᪉ྥࡀ㏫ 
  0㸸ᯞ jࡀᇶᮏ࣮ࣝࣉ i࡟ᒓࡉ࡞࠸ 
 
ᅗ 3.15 ᇶᮏ࣮ࣝࣉ 
 
ᅗ 3.15ࡢᇶᮏ࣮ࣝࣉࡣࠊ⿵ᮌࡀ 2ᮏ࡛࠶ࡿ࠿ࡽࠊ2✀㢮Ꮡᅾࡋࠊᅗ 3.15࡟࠾ࡅࡿᇶᮏࣝ
࣮ࣉ⾜ิ Bࡣࠊ 
 
 
(3-71) 
 
࡛࠶ࡿࠋ 
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º«¬
ª  
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ᇶᮏ࢝ࢵࢺࢭࢵࢺࢆ㑅ࡪ⌮⏤ࡣࠊᇶᮏ࣮ࣝࣉ࡜ࡢ㛫࡟௨ୗᛶ㉁ࡀᡂ❧ࡍࡿ஦࡟࠶ࡿࠋ 
  
(3-72) 
 
(3-73) 
 
KCL࠾ࡼࡧ KVL࡬ࡢᑐᛂ㸸 
KCL ࡣ⠇Ⅼ࡟ᑐࡍࡿ㟁ὶࡢ⥲࿴࡛ᐃ⩏ࡉࢀࡿࡀࠊࡇࢀࡣ࠶ࡿ㡿ᇦ࡟ὶධࡍࡿ㟁ὶࡢ⥲࿴
࡬ᣑᙇࡍࡿࡇ࡜ࡀ࡛ࡁࡿࠋࡍ࡞ࢃࡕ࢝ࢵࢺࢭࢵࢺ࡟ᑐࡋ࡚ࡶ KCLࡣྠᵝ࡟㐺⏝ࡉࢀࡿࠋ 
ࡲࡓࠊᇶᮏ࣮ࣝࣉ࡟ᑐࡋ࡚ࡣࠊKVLࡣᙜ↛㐺⏝ྍ⬟࡛࠶ࡿࠋ 
ᚑࡗ࡚ࠊࡍ࡭࡚ࡢᯞࡢ㟁ᅽࠊ㟁ὶ࣋ࢡࢺࣝࢆ IࠊV࡜ࡋ࡚௨ୗ࡟ᐃ⩏ࡍࡿ࡜ࠊ 
> @TmiiiI ,,, 21   > @TmvvvV ,,, 21   (3-74) 
  KCL㸸Q I= 0       (3-75) 
  KVL㸸B V=0       (3-76) 
 
ᅗ 3.13ࡢሙྜ࡛ࡣࠊ  
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VB   (3-78) 
࡛࠶ࡿࠋ 
 
3.8.2. ᶆ‽ᮌ
 
࢝ࢵࢺࢭࢵࢺゎᯒࡣᶆ‽ᮌ(Normal Tree)࡜࿧ࡤࢀࡿࠊ≉ᐃࡢᅇ㊰せ⣲ࡢࡳ࡛ᵓᡂࡉࢀࡿ
ᇶᮏᮌࢆ⏝࠸ࡿࡇ࡜࡛ᶵᲔⓗ࡞᪉⛬ᘧࡢᑟฟࡀྍ⬟࡜࡞ࡿࠋ 
௨ୗ࡛ࡣࠊཧ⪃ᩥ⊩[41]ࡢᶆ‽ᮌࡢᵓᡂᡭἲࢆ⤂௓ࡍࡿࠋ 
> @ > @IBBQIQ tl   
T
tl BQ  
56 
 
ࡇࡢᡭἲ࡟࠾࠸࡚ࡣࠊ 
ձ ᮌࢆᵓᡂࡍࡿᯞࡣᅗ 3.16 ࡢࡼ࠺࡟࢟ࣕࣃࢩࢱ࡜ࢥࣥࢲࢡࢱ࡜⊂❧㟁ὶ※ࡢ⤌ࡳྜࢃࡏ
ࡢࡳ࡛ᵓᡂࡉࢀࡿ࡜ࡍࡿࠋ 
ղ ⿵ᮌࢆᵓᡂࡍࡿᯞࡣᅗ 3.16 ࡢࡼ࠺࡟ࣞࢪࢫࢱ࡜࢖ࣥࢲࢡࢱ࡜⊂❧㟁ᅽ※ࡢ⤌ࡳྜࢃࡏ
ࡢࡳ࡛ᵓᡂࡉࢀࡿ࡜ࡍࡿࠋ 
࡜࠸࠺ไ⣙ࢆ࠾ࡃࡀࠊ࢝ࢵࢺࢭࢵࢺゎᯒ࡟ࡣᵝࠎ࡞ᡭἲࡀᥦ᱌ࡉࢀ࡚࠾ࡾࠊ୍⯡ⓗ࡟ࡣࠊ
ࡼࡾไ⣙ࡀ⦆࠸ᡭἲ[42][43]ࡀ▱ࡽࢀ࡚࠸ࡿࠋࡋ࠿ࡋࠊࡇࡇ࡛ࡣ᪉⛬ᘧࡢᑟฟࡀ⡆␎໬ࡉࢀࠊ
ㄝ᫂ࡀศ࠿ࡾ᫆࠸ᮏᡭἲࢆㄝ᫂ࡍࡿࠋ 
 
 
 3.16 ᶆ‽ᮌࡢᵓᡂ 
 
௨ୖࡢᯞ࡟ᑐࡋࠊࡑࢀࡒࢀ௨ୗࡢ BCEࡀᚓࡽࢀࡿࠋ 
 
࢟ࣕࣃࢩࢱᮌ㸸 sCCC Ivdt
dCi     (3-79a) 
 
ࢥࣥࢲࢡࢱᮌ㸸 sGGG Igvi        (3-79b) 
 
࢖ࣥࢲࢡࢱ⿵ᮌ㸸 sLLL Vidt
dLv    (3-79c) 
 
ࣞࢪࢫࢱ⿵ᮌ㸸 sRRR Vriv         (3-79d) 
 
௨ୖࡢ๓ᥦࡢࡶ࡜ࠊᮌ࡟ྵࡲࢀࡿᯞࡢᯞ㟁ὶࢆ > @TGC ii ᯞ㟁ᅽࢆ > @TGC vv  
⿵ᮌ࡟ྵࡲࢀࡿᯞࡢᯞ㟁ὶࢆ > @TRL ii 㟁ᅽࢆ > @TRL vv ࡜ࡍࡿ࡜ࠊ 
ᘧ(3-75)ࡢ KCLࡣ 
ᮌ ⿵ᮌ 
IsG
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࡜⾲ࡍࡇ࡜ࡀ࡛ࡁࡿࠋ 
 
3.8.3. ≧ែኚᩘ࡛࡞࠸వ๫ኚᩘࡢ๐㝖
 
ᘧ(3-80)ࠊᘧ(3-81)ࢆᩚ⌮ࡍࡿ࡜ 
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ࡀᡂ❧ࡍࡿࠋ 
ࡇࢀ࡟ BCE ࡛࠶ࡿᘧ(3-79a)㹼(3-79d)࠾ࡼࡧࠊᘧ(3-84)ࢆ⏝࠸࡚ࠊ GRLGRC vvviii ࢆᾘ
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RCGReqLGLCGLeqLG
GLRGeqCRCLRCeqCR
BRQGBBaQGBa
QGBRQQaBRQa
11
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

  
  
           (3-86) 
11
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    
RGBbbGBbb
RQbbGBRQbb
eqLGeqLG
eqCRRGeqCR    (3-87) 
RGGReqGRRGeq BRQGGQGBRR
11        
ࢆᚓࡿࡇ࡜ࡀ࡛ࡁࡿࠋ࡞࠾ࠊࡇࡇࡇࡇ࡛౑⏝ࡋ࡚࠸ࡿ GࠊRࡣࠊ(3-79b)࡜(3-79d)࡛⌧ࢀࡿ
g࡜ rࢆᑐゅせ⣲࡟ᣢࡘ⾜ิ࡛࠶ࡿࠋ 
 
3.8.4. ࢧࣥࣉࣝᅇ㊰ࡢᐃᘧ໬
 
 
ᅗ 3.17 ࢧࣥࣉࣝᅇ㊰࡟ᑐࡍࡿᶆ‽ᮌ࡜࢝ࢵࢺࢭࢵࢺࡢᐃ⩏ 
 
 3.4 ⠇ࡢࢧࣥࣉࣝᅇ㊰࡟ᑐࡋࠊ᪉⛬ᘧࡢᙧࡀศ࠿ࡾ᫆࠸ࡼ࠺࡟ࠊ௬᝿ⓗ࡞ࢥࣥࢲࢡࢱ G2
࡜ࣞࢪࢫࢱ R2ࢆ㏣ຍࡋ࡚࠶ࡿࡀࠊG2=R2=0࡜ࡍࢀࡤ 3.4⠇ࡢࢧࣥࣉࣝᅇ㊰࡜୍⮴ࡍࡿࠋ 
ୖグࡢᅇ㊰࡟࠾࠸࡚ᅗ 3.17࡟࠾ࡅࡿCs1,Cs2,Cs3ࢆ࢝ࢵࢺࢭࢵࢺ࡜ࡍࡿ࡜࢝ࢵࢺࢭࢵࢺ
⾜ิࡣ 
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  (3-88) 
࡛࠶ࡿࠋ 
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ᅗ 3.18 ࢧࣥࣉࣝᅇ㊰࡟ᑐࡍࡿᶆ‽࣮ࣝࣉࡢᐃ⩏ 
 
ᅗ 3.18ࡢࡼ࠺࡟࣮ࣝࣉࢆタᐃࡍࡿ࡜ࠊ࣮ࣝࣉ⾜ิࡣ 
 
 
                    (3-89) 
࡜࡞ࡿࠋ 
 
௨ୖࡼࡾ ic,vL࡟㛵ࡍࡿᘧࢆᑟࡃ࡜ࠊ 
 
 
                 (3-90) 
   (3-91) 
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ᘧ(3-92)࡜ᘧ(3-86)ࢆ㐺⏝ࡋ࡚ 
 
 
 
 
 
 
 
 
 
(3-93) 
ࡇࡇ࡛ࠊG2=r1=0ࠊG1=1/Rࢆ㐺⏝ࡍࡿ࡜ 
Ra  22  
ࡼࡾࠊᘧ(3-84)ࡼࡾ 
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(3-96) 
࡛࠶ࡿࡀࠊ 
 
 
࡛࠶ࡿ࠿ࡽࠊ 
ᚓࡽࢀࡿ≧ែ᪉⛬ᘧࡣࠊ 
 
 
(3-97) 
࡜࡞ࡿࠋ 
 
ཧ⪃ࡲ࡛࡟ࠊᮏᅇ㊰ࡣ 
 
 
࡜ࡋ࡚ࠊKVLࢆ㐺⏝ࡍࡿࡇ࡜࡛ࠊᐜ᫆࡟≧ែ᪉⛬ᘧࢆᑟࡃࡇ࡜ࡀ࡛ࡁࡿࠋ 
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ᘧ(3-97)ࡣᘧ(3-98)࡜୍⮴ࡋ࡚࠸ࡿࠋ 
 
L
C
L
i
dt
dvC
v
dt
diL
 
 
»¼
º«¬
ª 
1
0
V
VSR
»»¼
º
««¬
ª»¼
º«¬
ª
»»
»
¼
º
««
«
¬
ª

 »¼
º«¬
ª
11
0
1
10
V
Li
v
L
R
L
C
i
v
dt
d
L
C
L
C
62 
 
4❶  ࢫ࢖ࢵࢳࣥࢢᅇ㊰ࢆィ⟬ࡍࡿ᭱㐺࡞ィ⟬ᡭἲ
 
ࣃ࣮࢚࣡ࣞࢡࢺࣟࢽࢡࢫ࡜ࡣࠊ༙ᑟయ⣲Ꮚࢆ୺࡟ᑟ㏻࡜㠀ᑟ㏻ࡢ 2 ≧ែࡢࢫ࢖ࢵࢳ࡜ࡋ
࡚౑⏝ࡍࡿࡶࡢ࡛࠶ࡿࡀ[44]ࠊࡇࡢࢫ࢖ࢵࢳືసࢆ⾜࠺ᅇ㊰࡟ᑐࡋᅇ㊰᪉⛬ᘧࢆᵓ⠏ࡋࠊィ
⟬ࡋࠊືసࢆᶍᨃࡍࡿࡓࡵ࡟ࡣࠊ࠸ࡃࡘ࠿ࡢ≉᭷࡞ㄢ㢟ࡀᏑᅾࡍࡿࠋࡇࡢ❶࡛ࡣࠊࡑࡢࡼ
࠺࡞≉᭷ࡢၥ㢟࡟ࡘ࠸࡚ࡢ⪃ᐹࢆ⾜࠺ࠋ 
 
4.1. ࢫ࢖ࢵࢳ⣲Ꮚࡢᢅ࠸
 
ࢫ࢖ࢵࢳືసࢆ⾜࠺ᅇ㊰࡟ᑐࡋࠊඛࡎ⪃៖ࡋ࡞ࡅࢀࡤ࡞ࡽ࡞࠸ࡇ࡜ࡣࠊࢫ࢖ࢵࢳ⣲Ꮚࡢ
ᢅ࠸᪉࡛࠶ࡿࠋ 
ࢫ࢖ࢵࢳ⣲Ꮚࢆࠊࡑࡢᐃ⩏࡟ᚑ࠸ ON=ᑟ㏻ࠊOFF=㠀ᑟ㏻ࡢ 2 ≧ែ࡜ࡍࡿ࡜ࠊࢫ࢖ࢵࢳ
ືస࡟క࠸ࠊᅇ㊰ᵓᡂ㸦ࢺ࣏ࣟࢪ࣮㸧ࡀኚ᭦ࡉࢀࡇ࡜࡟࡞ࡿࡀࠊࡑࡢሙྜࡣᅇ㊰ࢆᐃ⩏ࡍ
ࡿ⠇Ⅼࡸᯞࡀ⏕ᡂ㸭ᾘ⁛ࡍࡿࡓࡵࠊᮍ▱ኚᩘࡶࡑࡢ㒔ᗘ⏕ᡂ㸭ᾘ⁛ࡍࡿ࡞࡝ࠊᢅ࠸࡟ࡃ࠸
Ⅼࡀ࠶ࡿࠋ 
ᮏㄽᩥ࡛ࡣ ON≧ែ࡛ࡣప࠸᢬ᢠ್ࠊOFF≧ែ࡛ࡣ㧗࠸᢬ᢠ್ࢆᣢࡘࠊྍኚࡢ᢬ᢠせ⣲
࡜ࡋ࡚ᢅ࠺ࡇ࡜ࢆᇶᮏ࡜ࡍࡿࠋ 
 ࡋ࠿ࡋࠊࡇࡢሙྜࡣࠊON≧ែ࡛ࡣᐇ㝿ࡢࢹࣂ࢖ࢫࡢ≉ᛶ࡟࠶ࢃࡏ࡚ᩘmȐ࡜ࡍࡿࡇ࡜ࡀ
࡛ࡁࡿࡀࠊOFF ≧ែ࡛ࡣ㠀ᑟ㏻࡛࠶ࡾࠊ᢬ᢠ್࡛⾲ࡍ࡟ࡣ㞴ࡀ࠶ࡿࠋࡇࢀࢆᩘ 100MȐ࡜
࠸࠺ࡼ࠺࡞㝈ࡾ࡞ࡃ㧗࠸್࡟ࡍࢀࡤࠊᐇࢹࣂ࢖ࢫ࡟㏆ࡃ࡞ࡿࡀࠊᩘ mȐ࡜ᩘ 100MȐ࡜࠸
࠺ࡼ࠺࡞タᐃ࡟ࡍࡿ࡜ࠊࣃ࣓࣮ࣛࢱࡢᖜࡀ 1010௨ୖ࡜࠸࠺ࡇ࡜࡟࡞ࡾࠊ᪉⛬ᘧࡀ Stiff࡟࡞
ࡾࡸࡍ࠸ࠋᚑࡗ࡚ࠊStiff ᛶࢆᅇ㑊ࡍࡿࡓࡵࠊᅇ㊰ᵓᡂࢆኚ᭦ࡍࡿ࡜࠸࠺ᡭἲࡢ᳨ウࡶࠊ௒
ᚋࡢㄢ㢟࡜ࡋ࡚ᚲせ࡛࠶ࡿࠋ 
 
4.2. ࢫ࢖ࢵࢳࣥࢢ᫬㛫ࡢศゎ⬟ࡢᙳ㡪
 
 ࢫ࢖ࢵࢳࣥࢢᅇ㊰࡛ࡣࠊONືసࡢ᫬㛫࡜ OFFືసࡢ᫬㛫࡟ࡼࡾࠊᅇ㊰ࡢືసࡀỴᐃࡉ
ࢀࡿࠋࡇࡢࢫ࢖ࢵࢳ᫬㛫ࡣ㏻ᖖࡣࢥࣥࢺ࣮ࣟࣛࡢไᚚฟຊ್࡛࠶ࡾࠊࢩ࣑࣮ࣗࣞࢱ࡜ࡋ࡚
ࡣィ ࡉࢀࡓධຊ್࡛࠶ࡿࠋᚑࡗ࡚ࠊ௚ࡢࣃ࣓࣮ࣛࢱ್ࡢࡼ࠺࡟௵ពࡢ⢭ᗘࡀᚓࡽࢀ࡞࠸
ࡓࡵࠊON/OFF᫬㛫ࡢィ ࡟ᚲせ࡞⢭ᗘࢆ᳨ウࡍࡿࠋ 
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ᅗ 4.1 ࢫ࢖ࢵࢳືసࡢ᫬㛫ศゎ⬟ࡢ᳨ウࢆ⾜࠺ࢧࣥࣉࣝᅇ㊰ 
 
ᅗ 4.1࡟♧ࡍࣁ࣮ࣇࣈࣜࢵࢪᅇ㊰࡟࠾࠸࡚ࠊࣁ࢖ࢧ࢖ࢻ࡜࣮ࣟࢧ࢖ࢻࡢࢫ࢖ࢵࢳࢆ஺஫࡟
ON࡜ࡍࡿᵓᡂ࡛࠶ࢀࡤࠊࣁ࢖ࢧ࢖ࢻഃࡢࢫ࢖ࢵࢳࡢ ON᫬㛫ࢆ TonࠊOFF᫬㛫ࢆ TOFF࡜
ࡋࠊෆ㒊ᦆኻ➼ࢆ↓どࡋࡓሙྜࠊ㝆ᅽࢥࣥࣂ࣮ࢱ࡜ࡋ࡚౑⏝ࡋࡓሙྜ࡟ᐃᖖ≧ែ࡟㐩ࡋࡓ
᫬ࡢ㝆ᅽẚࡣ 
 
D
TT
T
OFFON
ON     (4-1) 
࡜ࡍࡿ࡜ࠊ 
D
V
V  
1
2       (4-2) 
࡛⾲ࡉࢀࠊ 
᪼ᅽࢥࣥࣂ࣮ࢱ࡜ࡋ࡚౑⏝ࡋࡓሙྜࡢ᪼ᅽẚࡣࠊධฟຊࡀ㏫㌿ࡍࡿ஦ࡼࡾࠊ 
DV
V 1
2
1        (4-3) 
࡛⾲ࡉࢀࡿࠋ 
Dࡣ Dutyẚ࡜࿧ࡤࢀࠊᐃ⩏࠿ࡽࡶ 0ӌDӌ㸯࡛࠶ࡿࠋ 
 
ࡇࡇ࡛ࠊD࡟ᑐࡋࠊȘ%ࡢ஌ἲㄗᕪࡀ⏕ࡌࡓሙྜࠊ㝆ᅽࢥࣥࣂ࣮ࢱࡢሙྜ 
1
2
V
V
D DD     (4-4) 
࡛࠶ࡾࠊ 
᪼ᅽࢥࣥࣂ࣮ࢱࡢሙྜࡣࠊ 
2
11
V
V
D DD      (4-5) 
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࡛࠶ࡿࡓࡵࠊȘ࡟ẚ౛ࡋࡓㄗᕪࡀ᪼㝆ᅽẚࠊࡍ࡞ࢃࡕฟຊ್࡟Ⓨ⏕ࡍࡿ[44]ࠋ 
ᚑࡗ࡚ࠊD ࡢィ ศゎ⬟ࡣࠊᚲせ࡜ࡉࢀࡿฟຊ್ࡢ⢭ᗘ࡜ᘧ(4-4)ࠊᘧ(4-5)ࡼࡾỴᐃࡉࢀ
࡞ࡅࢀࡤ࡞ࡽ࡞࠸ࠋ 
 
4.3. ࢫ࢖ࢵࢳືసࢆక࠺ᅇ㊰ࡢ௦⾲ⓗ࡞ィ⟬ᡭἲ
 
ࢫ࢖ࢵࢳືసࡢᏑᅾࡣィ⟬ᡭἲ࡟ᑐࡋ࡚ࡶ኱ࡁ࡞ᙳ㡪ࢆ୚࠼࡚࠾ࡾࠊ⌧ᅾࡲ࡛࡟ᵝࠎ࡞
ᡭἲࡀᥦ᱌ࡉࢀ࡚࠸ࡿࠋ௨ୗ࡟ࡇࢀࡲ࡛࡟ᥦ᱌ࡉࢀ࡚ࡁࡓ௦⾲ⓗᡭἲࢆ᳨ウࡍࡿࠋ 
 
4.3.1. ᅛᐃࢫࢸࢵࣉἲ
 
᭱ࡶᐜ᫆࡟⪃࠼࠺ࡿࡢࡣࠊ㐺ษ࡞୍ᐃࡢィ⟬ࢫࢸࢵࣉᖜ࡟ࡼࡿィ⟬࡛࠶ࡾࠊᅇ㊰௨እࡢ
ศ㔝࡛ࡢࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡢ᪉ᘧ࡜ࡋ࡚ࡣ᭱ࡶ୍⯡ⓗ࡞ࡶࡢ࡛࠶ࡿࠋ 
ィ⟬ࢫࢸࢵࣉᖜࢆ h࡜ࡍࡿ࡜ࠊᅗ 4.2ࡢࡼ࠺࡟ᡤᐃࡢ hࡢ㛫㝸࡛ࠊ≧ែኚᩘࢆィ⟬ࡍࡿࠋ
ࣁ࣮ࣇࣈࣜࢵࢪᅇ㊰ࢆ౛࡟࡜ࡾࠊࣁ࢖ࢧ࢖ࢻࠊ࣮ࣟࢧ࢖ࢻࡀ஺஫࡟ ONࡍࡿ≧ἣࢆ⪃࠼ࠊ 
ྛࠎ࡟ᑐᛂࡍࡿ㊰᪉⛬ᘧࡀ 
࣮ࣟࢧ࢖ࢻࢫ࢖ࢵࢳ=ON 
     tUBtXAtX
dt
d
11   (4-6)  
ࣁ࢖ࢧ࢖ࢻࢫ࢖ࢵࢳ=ON 
     tUBtXAtX
dt
d
22   (4-7) 
࡛࠶ࡿ࡜ࡋࠊィ⟬ᡭἲࢆ๓㐍 Eulerἲ࡛࠶ࡿ࡜ࡍࡿ࡜ࠊ 
 
 
ᅗ 4.2 ᅛᐃࢫࢸࢵࣉἲࡢィ⟬ 
 
ࡍ࡞ࢃࡕࠊt0ࢆ㐣ࡂࠊX0࡜ U0ࡀ☜ᐃࡋࡓ࡞ࡽࡤࠊt1ࡢ᫬Ⅼࡲ࡛࡟ࠊ 
 010101 UBXAhXX   (4-8) 
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ᘧࢆィ⟬ࡋࠊฟຊ್ࢆ t1ࡢࢱ࢖࣑ࣥࢢ࡛≀⌮ⓗ࡟ฟຊࡍࡿࠋ 
ࡇࡇ࡛ࠊt2࡜ t3ࡢ㛫࡛ࢫ࢖ࢵࢳࣥࢢືసࡀⓎ⏕ࡍࡿ࡞ࡽࡤࠊࢫ࢖ࢵࢳືసࢆ᳨ฟ࡛ࡁࡿ
ࡢࡣ᫬้ t3࡛࠶ࡿ࠿ࡽࠊt3࡟࠾࠸࡚ࠊAࠊB⾜ิࢆ A1ࠊB1࠿ࡽ A2ࠊB2࡟ኚ᭦ࡋࠊ 
 323234 UBXAhXX   (4-9) 
࡜ࡋ࡚ィ⟬ࡍࡿࠋ 
ࡇࡢ᫬౑⏝ࡍࡿ X㸱ࡣࠊࡍ࡛࡟ A1⾜ิ࡛ィ⟬ࡉࢀ࡚࠸ࡿࡓࡵࠊࡇࢀࡣ᫬้ t3࡟࠾࠸࡚ࢫ
࢖ࢵࢳືసࡀⓎ⏕ࡋࡓ࡜ࡋ࡚ィ⟬ࡍࡿࡇ࡜࡜➼౯࡛࠶ࡿࠋ 
ࡍ࡞ࢃࡕࠊᡤᐃࡢィ⟬ࢫࢸࢵࣉ h ࢆ⏝࠸ࡿᅛᐃࢫࢸࢵࣉἲ࡛ࡣࠊࢫ࢖ࢵࢳືసࡢⓎ⏕᫬
้ࡢศゎ⬟ࡣィ⟬ࢫࢸࢵࣉᖜ࡜୍⮴ࡍࡿࠋ 
4.2 ⠇࡛♧ࡋࡓࡼ࠺࡟ࠊDuty ẚࡢ᫬㛫ศゎ⬟ࡣ㔜せ࡛࠶ࡿࡀࠊᅛᐃࢫࢸࢵࣉἲࢆᑟධࡋ
ࡓሙྜࡣࠊࡇࡢ᫬㛫ศゎ⬟ࢆ㧗ࡵࡿࡓࡵ࡟ࠊᴟࡵ࡚⣽࠿࠸ィ⟬ࢫࢸࢵࣉᖜࡀᚲせ࡜࡞ࡿࠋ 
 
4.3.2. ≧ែᖹᆒ໬ἲ
 
 ࢫ࢖ࢵࢳࣥࢢᅇ㊰ࡢ⌮ㄽゎᯒ࡛ࡣᐃ␒࡛࠶ࡿ≧ែᖹᆒ໬ἲ࡛࠶ࡿࡀࠊࣜ࢔ࣝࢱ࢖࣒࣭ࢩ
࣑࣮ࣗࣞࢱࡢศ㔝࡛ࡣࠊࡇࡢᡭἲࡣᖹᆒ್㸦Mean Value㸧ࣔࢹࣝ࡜࿧ࡤࢀࡿࠋ 
ࡇࡢᡭἲࡣᘧ(4-10)ࠊ(4-11)ࡢࡼ࠺࡟≧ែ᪉⛬ᘧࡢAࠊB⾜ิࢆࢫ࢖ࢵࢳࡢON᫬㛫(TON)ࠊ
OFF ᫬㛫(TOFF)࡛ᖹᆒࢆྲྀࡾࠊ༢୍ࡢ AࠊB ⾜ิ࡟ኚ᥮ࡋࠊࡇࢀࢆ⏝࠸࡚ィ⟬ࢆ⾜࠺ࡶࡢ
࡛࠶ࡿࠋ 
 
 (4-10) 
 
(4-11) 
 
 
ᅛᐃࢫࢸࢵࣉἲࡢ౛࡜ྠࡌࡃ๓㐍 Eulerἲ࡛࠶ࢀࡤࠊ 
  nnOFFONnn BuAXTTXX  1   (4-12) 
࡜࡞ࡾࠊࡇࡢィ⟬ࢆࢫ࢖ࢵࢳࡢ ON/OFF࿘ᮇࡢ㛫࡟ 1ᅇࡔࡅ⾜࠺ࠋ 
 
21
21
B
TT
TB
TT
TB
A
TT
TA
TT
TA
OFFON
OFF
OFFON
ON
OFFON
OFF
OFFON
ON
 
 
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ᅗ 4.3 ≧ែᖹᆒ໬ἲ࡟ࡼࡿィ⟬ 
 
≧ែᖹᆒ໬ἲࢆ⏝࠸ࡓሙྜࠊ㏻ᖖࡣࢫ࢖ࢵࢳ⣲Ꮚࢆ PWM㸦Pulse Width Modulation㸧
㥑ືࡍࡿሙྜࡀᑐ㇟࡛࠶ࡿࡀࠊ 
ձ ฟຊࡣࠊPWMಙྕࡢ୍࿘ᮇࡢᖹᆒ࡛࠶ࡾࠊࣜࣉࣝ㟁ᅽ㸭ࣜࣉࣝ㟁ὶ➼ࡣ෌⌧࡛ࡁ
࡞࠸ࠋ 
ղ ≧ែࡢᖹᆒࢆ⟬ฟࡍࡿࡓࡵ࡟ PWMಙྕࡢ୍࿘ᮇࢆィ ࡋࠊDutyẚࡀỴᐃࡉࢀࡓ
ᚋ࡟ࠊ≧ែ᪉⛬ᘧࡢᖹᆒࢆྲྀࡿࡓࡵࠊධຊ࡟ᑐࡍࡿฟຊࡀ PWMಙྕࡢ㸯࿘ᮇ㐜ࢀ
ࡿࠋ 
ճ PWM௨እࡢ PFM㸦Pulse Frequency Modulation㸧➼ࠊࢫ࢖ࢵࢳࡢ ON/OFF࿘ᮇ
ࡀ௦ࢃࡿಙྕ࡟ᑐࡋ࡚ࡣࠊィ⟬ࢫࢸࢵࣉᖜࡀኚ໬ࡍࡿࡓࡵࠊᐇ⿦࠾ࡼࡧᏳᐃᛶゎᯒ
ࡀᅔ㞴࡟࡞ࡿࠋᚑࡗ࡚ࠊPWM௨እࡢ㥑ື᪉ᘧ࡬ࡢ㐺⏝ࡀᅔ㞴࡛࠶ࡿࠋ 
࡜࠸࠺ၥ㢟ࡀ࠶ࡿࡀࠊィ⟬ࢫࢸࢵࣉᖜ㸻ࢫ࢖ࢵࢳ⣲Ꮚࡢ ON/OF࿘ᮇ㸦PWM࡛࠶ࢀࡤ࢟ࣕ
ࣜ࢔࿘ᮇ㸧࡛࠶ࡾࠊ௚ࡢᡭἲ࡟ẚ࡭ᴟࡵ࡚㛗࠸ィ⟬᫬㛫ࡀྲྀࢀࡿࡇ࡜ࡀ≉ᚩ࡛࠶ࡿࠋ 
 
4.3.3. 㒊ศⓗྍኚࢫࢸࢵࣉἲ㸦ࢫ࢖ࢵࢳ㥑ືಙྕྠᮇ㸧
  
㒊ศⓗྍኚࢫࢸࢵࣉἲ࡜ࡢྡ⛠ࡣࠊ㏻ᖖࡢィ⟬⢭ᗘ࡟ᛂࡌ࡚ィ⟬ࢫࢸࢵࣉᖜࢆኚ᭦ࡍࡿ
ྍኚࢫࢸࢵࣉἲ࡜༊ูࡍࡿࡓࡵࠊⴭ⪅ࡀྡ࡙ࡅࡓࡶࡢ࡛࠶ࡿࡀ[45]ࠊࡇࡢᡭἲࡣ᫬้ t2+hhf
࡛ࢫ࢖ࢵࢳືసࡀ㉳ࡁࡓ࡞ࡽࡤࠊt3ࡢ᫬้࡟࠾࠸࡚ࠊ 
 
(4-13) 
 
  (4-14) 
 
࡜ࡋ࡚ X4ࢆィ⟬ࡍࡿᡭἲ࡛࠶ࡿࠋ 
ࡇࡢᡭἲ࡟࠾࠸࡚ࡶࠊࢫ࢖ࢵࢳືసࢆ᳨ฟ࡛ࡁࡿࡢࡣࠊt3᫬Ⅼ࡛࠶ࡿࡓࡵࠊt2~t3 ࡢ㛫࡟
ࢫ࢖ࢵࢳືసࡀⓎ⏕ࡋ࡚ࡶࠊࡑࢀࢆ཯࡛ᫎࡁࡿࡢࡣ t4᫬Ⅼ࡛ࡢ X4࡜࡞ࡿࠋ 
 31313 UBXAhXX hfhf  
  3224 UBXAhhXX hfhfhf  
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ᚑࡗ࡚ࠊ඲యࡢィ⟬ࢆ୍ࢫࢸࢵࣉ㐜ࡽࡏࡿᚲせࡀ⏕ࡌࡿࡀࠊDuty ẚࡢィ⟬⢭ᗘࡣࠊhhf
ࡢィ ⢭ᗘḟ➨࡛࠶ࡾࠊᇶᮏィ⟬ࢫࢸࢵࣉࡢ h࡜ࡣ↓㛵ಀ࡜࡞ࡿࡇ࡜ࡀ≉ᚩ࡛࠶ࡿࠋ 
 
 
ᅗ 4.4 㒊ศⓗྍኚࢫࢸࢵࣉἲ㸦ྠᮇ㸧࡟ࡼࡿィ⟬ 
 
ࡲࡓࠊ௨ୖࡢᡭἲࡣࠊࢫ࢖ࢵࢳࣥࢢ࿘Ἴᩘࡀኚ໬ࡍࡿ PFM㥑ື➼࡟ࡶ㐺⏝ྍ⬟࡛࠶ࡿࡀࠊ
ࢫ࢖ࢵࢳືస㛤ጞ᫬้ TONࢆィ ࡟࠾࠸࡚ࠊ౑⏝ࡍࡿ࡜ࡍࡿࢫ࢖ࢵࢳࣥࢢ࿘Ἴᩘ⠊ᅖ࡛࢜
࣮ࣂ࣮ࣇ࣮ࣟࡋ࡞࠸ࠊ࠶ࡿ࠸ࡣᚲせ࡞ศゎ⬟ࡀ౑⏝ࡍࡿࡍ࡭࡚ࡢ㥑ື࿘Ἴᩘ࡛☜ಖ࡛ࡁࡿ
ᕤኵࡀᚲせ࡜࡞ࡿࠋ 
ࡉࡽ࡟ࠊࢫ࢖ࢵࢳ㥑ືࢆ೵Ṇࡋࡓ㸦Duty ẚ=0%㸭100%㸧ሙྜ࡟ᑐᛂ࡛ࡁ࡞࠸࡜࠸࠺ၥ
㢟ࡀ࠶ࡿࠋ 
 
4.3.4. 㒊ศⓗྍኚࢫࢸࢵࣉἲ㸦ࢫ࢖ࢵࢳ㥑ືಙྕ㠀ྠᮇ㸧
 
ࢫ࢖ࢵࢳ㥑ືಙྕ(PWM/PFMಙྕ)࡜ࡣ↓㛵ಀࡢࠊᡤᐃࡢ୍ᐃ㛫㝸࡛ィ⟬ࢆ⾜࠺ᡭἲ࡛ࠊ
ୖグྠᮇᡭἲ࡛ࡣᑐᛂ࡛ࡁ࡞࠸ࢫ࢖ࢵࢳ㥑ື೵Ṇ㸦Duty ẚ=0%㸭100%㸧࡟ᑐᛂྍ⬟࡛࠶
[46]ࡾࠊPFM࡟ࡶ㐺⏝ྍ࡛࠶ࡿࠋ 
୍᪉ࠊࢫ࢖ࢵࢳ㥑ືಙྕ࡜ィ⟬ࢱ࢖࣑ࣥࢢࡀ୍⮴ࡋ࡞࠸ࡇ࡜ࡼࡾࠊࣜࣉࣝ㟁ᅽ㸭㟁ὶࡢ
఩┦ࡎࢀ㸦ィ⟬㐜ࢀ㸧ࡀ୍ᐃ࡟࡞ࡽ࡞࠸࡜࠸࠺ၥ㢟ࡀⓎ⏕ࡍࡿࠋᚑࡗ࡚ࠊࡇࡢ఩┦ࡢࡎࢀ
ࡀ↓ど࡛ࡁࡿࡔࡅࡢᑠࡉ࡞ィ⟬ࢫࢸࢵࣉᖜ hࡀᐇ⌧࡛ࡁࡿ஦ࡀᮃࡲࡋ࠸ࠋ 
 
ᅗ 4.5 㒊ศⓗྍኚࢫࢸࢵࣉἲ㸦㠀ྠᮇ㸧࡟ࡼࡿィ⟬ 
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ࢫ࢖ࢵࢳ㥑ືಙྕ࡜ࡣ㠀ྠᮇࡢᡤᐃࡢ㛫㝸㸦㸻ィ⟬ࢫࢸࢵࣉ㸧࡛ィ⟬ࢱࢫࢡࢆ㉳ືࡋࠊ
ࢱࢫࢡ㉳ື࡜ྠ᫬࡟ࢱ࢖࣐࣮㉳ືࢆ⾜࠺ࠋྛࢱࢫࢡ㉳ື᫬࡟ࢫ࢖ࢵࢳືసࢆ᳨ฟࡋࡓ࡜ࡁࠊ
౛࠼ࡤࠊ᫬้ t1࡟࠾࠸࡚ࢫ࢖ࢵࢳືసࡀⓎ⏕ࡋࠊࢫ࢖ࢵࢳືసⓎ⏕ࡲ࡛ࡢ᫬㛫(=hhf)ࡀ᳨ฟ
ࡉࢀࡓ࡞ࡽࠊ᫬้ t2࡟࠾࠸࡚ࠊ 
(4-15) 
 
(4-16) 
 
ࡢィ⟬ࢆ⾜࠺ࠋ 
᫬้ t3࡟࠾࠸࡚ࡶࢫ࢖ࢵࢳືసࡀⓎ⏕ࡋ࡚࠸ࡿࡓࡵྠᵝࡢィ⟬ࢆ⾜࠺ࡀࠊHiЍLo ࡜ Lo
ЍHiࡢሙྜࡣࠊ౑⏝ࡍࡿ AࠊB⾜ิࡢ㡰␒ࡀ㏫࡜࡞ࡿࠋ 
ᮏᡭἲࡣࠊDutyẚ=0ཬࡧ 100%࡟࠾࠸࡚ࡶ౑⏝ࡍࡿࡇ࡜ࡀ࡛ࡁࡿࠋࡍ࡞ࢃࡕࠊࢱࢫࢡࡀ
ྠᮇࡋ࡞ࡅࢀࡤ࡞ࡽ࡞࠸ࢫ࢖ࢵࢳ㥑ືಙྕࡢ࢚ࢵࢪࢆᚲせ࡜ࡋ࡞࠸ࠋDuty ẚ=0㸣࡞࠸ࡋ
100%ࡢሙྜࡣࠊA,B⾜ิࢆኚ᭦ࡏࡎ࡟ィ⟬ࢆ⥅⥆ࡍࡿࡔࡅ࡛Ⰻࡃࠊࢱ࢖್࣐࣮ࡢ᭱኱್ࡣ
ࢱࢫࢡ㉳ື㛫㝸㸦㸻h㸧࡛࠶ࡿࡓࡵࠊ࢟ࣕࣜ࢔࿘Ἴᩘࢆኚືࡉࡏ࡚ࡶࠊࢱ࢖࣐࣮ࡀ࣮࢜ࣂ࣮
ࣇ࣮ࣟࡍࡿྍ⬟ᛶࡣ↓࠸ࠋ 
ྠᮇࠊ㠀ྠᮇࠊ࠸ࡎࢀࡢ㒊ศⓗྍኚࢫࢸࢵࣉἲࡶࢫ࢖ࢵࢳືసࡢ᫬㛫ศゎ⬟ࡀィ⟬ࢫࢸ
ࢵࣉᖜ h ࡜ࡣ↓㛵ಀ࡛࠶ࡿࡓࡵࠊ⢭ᗘࡢ㧗࠸ィ⟬ࡀྍ⬟࡜࡞ࡿࠋィ⟬ࢫࢸࢵࣉᖜ h ࡀ኱ࡁ
ࡃ࡞ࡿሙྜࡣࠊᩘ್✚ศࢆ⾜࠺㝿࡟ḟᩘࡢ㧗࠸ゎἲࢆ㑅ᢥࡍࡿ஦࡛ࠊィ⟬⢭ᗘࢆ⥔ᣢࡍࡿ
஦ࡀྍ⬟࡛࠶ࡿࠋ 
ࡋ࠿ࡋࡑࡢ୍᪉ࠊᅛᐃࢫࢸࢵࣉἲ࡟ẚ࡭࡚ࠊ 
ձ ᅛᐃࢫࢸࢵࣉἲࡢฟຊ㐜ࢀࡀ᭱኱ 1ࢫࢸࢵࣉ࡛࠶ࡿ஦࡟ᑐࡋࠊ 
᭱኱ 2ィ⟬ࢫࢸࢵࣉ㐜ࢀ࡜࡞ࡿࠋ 
ղ ࢫ࢖ࢵࢳືసࡀⓎ⏕ࡋࡓ࡜ࡁࡢࠊ༢఩᫬㛫࠶ࡓࡾࡢィ⟬㔞ࡀ 2ಸ࡜࡞ࡿࠋ 
ࡀḞⅬ࡜ࡋ࡚ᣲࡆࡽࢀࡿࠋ 
 
4.3.5. ≧ែኚᩘࡢ⿵㛫㸭እᤄᡭἲ
 
 㒊ศⓗྍኚࢫࢸࢵࣉἲࡣࠊᖖᚤศ᪉⛬ᘧࡢィ⟬࡟࠾࠸࡚ࠊィ⟬ࢫࢸࢵࣉᖜࢆ௵ព࡟ኚ᭦
ࡍࡿ஦ࡀᐜ࡛᫆࠶ࡿࡇ࡜ࡀᚲせ࡜࡞ࡿࠋࡋ࠿ࡋࠊᅇ㊰᪉⛬ᘧࡢᐃᘧ໬ᡭἲࡢ୺ὶ࡛࠶ࡿࠊ
ಟṇ⠇Ⅼゎᯒἲ࡞࡝࡟࠾࠸࡚ࡣࠊணࡵỴࡲࡗࡓィ⟬ࢫࢸࢵࣉࢆ⏝࠸࡚⣲Ꮚ༢఩࡛㞳ᩓ໬ࡋ
ࡓᕪศ᪉⛬ᘧ໬ࢆඖ࡟ࠊᅇ㊰᪉⛬ᘧࢆᵓ⠏ࡋ࡚࠸ࡿࡓࡵࠊࢫ࢖ࢵࢳືస࡟క࠸ィ⟬ࢫࢸࢵ
ࣉᖜࢆኚ᭦ࡋࡓሙྜࠊᅇ㊰᪉⛬ᘧࢆ෌ᵓ⠏ࡍࡿᚲせࡀ⏕ࡌࡿࠋࡇࢀࡣࣜ࢔ࣝࢱ࢖࣒ィ⟬࡟
ᑐࡋ࡚኱ࡁ࡞㞀ᐖ࡜࡞ࡿࠋ 
 
 12121 UBXAhXX hfhf  
  1112 UBXAhhXX hfhfhf  
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 (4-17) 
 
ࡉࡽ࡟ࠊಟṇ⠇Ⅼゎᯒἲࡣᘧ(4-17)ࡢࡼ࠺࡟ࠊᮍ▱ᩘ X ࡟ᑐࡋ࡚ࠊ࢔ࢻ࣑ࢱࣥࢫ⾜ิ Y
ࡀᕥഃ࡟࠶ࡾࠊXࢆᚓࡿ࡟ࡣ㏫⾜ิࢆゎࡃᚲせࡀ࠶ࡿࠋ㏻ᖖࡣࠊணࡵ㏫⾜ิࢆィ⟬ࡋ࣓ࣔࣜ
࡟⵳࠼࡚࠾ࡁฎ⌮ࢆ㧗㏿໬ࡍࡿࡀࠊᅇ㊰᪉⛬ᘧࡀ෌ᵓ⠏ࡉࢀࡿሙྜࠊ㏫⾜ิࡢィ⟬ࡶᚲせ
࡜࡞ࡾࠊ㏫⾜ิࡢィ⟬ࡣࠊ┤᥋ἲ࡛ࡣ୍⯡࡟ O(n3)࡜ࡉࢀ࡚࠾ࡾࠊࡇࢀࢆࣜ࢔ࣝࢱ࢖࣒࡟⾜
࠺஦ࡣ࠿࡞ࡾᅔ㞴࡛࠶ࡿࠋ 
ࡇࡢࡼ࠺࡞ၥ㢟࡟ᑐࡋࠊᅗ 4.6ࡢࡼ࠺࡟≧ែኚᩘࡢ⥺ᙧ⿵㛫ࢆ 2ᅇ⾜࠺᪉ἲࠊ࠾ࡼࡧࠊ⥺
ᙧ⿵㛫࡜እᤄࢆ⤌ࡳྜࢃࡏࡿ᪉ἲࡀᥦ᱌ࡉࢀ࡚࠸ࡿ[47]-[50]ࠋ 
 
ᅗ 4.6 2㔜⿵㛫ἲ࡜⿵㛫㸩እ⿦ἲࡢィ⟬ 
 
ඛࡎ 2㔜⿵㛫ἲ࡛࠶ࡿࡀࠊ᫬้ t3࡟࠾࠸࡚ࢫ࢖ࢵࢳືసࢆ᳨ฟࡋࡓሙྜࠊᅗ 4.6ࡢ”1”ࡢ
ィ⟬࡟ࡼࡾࢫ࢖ࢵࢳືసⓎ⏕᫬Ⅼࡢ≧ែ Xhf ࢆ⥺ᙧ⿵㛫࡟ࡼࡾ⟬ฟࡍࡿࠋḟ࡟”2”ࡢィ⟬࡛
ࡣࠊィ⟬ࢫࢸࢵࣉ h ࢆ⏝࠸࡚㏻ᖖࡢィ⟬ࢆ⾜࠺ࡀࠊࡇࡢࡲࡲ࡛࡛ࡣࠊィ⟬࿘ᮇࡀࡎࢀ࡚ࡋ
ࡲ࠺ࡢ࡛ࠊ”3”࡛෌ࡧ⥺ᙧ⿵㛫ࢆ⾜࠸ࠊX2ࢆ⟬ฟࡋࠊ㏻ᖖィ⟬࡟ᡠࡿ࡜࠸࠺ࡶࡢ࡛࠶ࡿࠋ 
 ࡇࢀ࡟ᑐࡋࠊ⿵㛫㸩እᤄἲ࡛ࡣࠊ᭱ᚋ࡟ X2ࢆ⟬ฟࡍࡿ㈇Ⲵࡀ኱ࡁ࠸࡜ࡋ࡚ࠊእᤄฎ⌮࡛
┤᥋ X3ࢆồࡵࡿ࡜࠸࠺ࡶࡢ࡛ࠊ⢭ᗘⓗ࡟ࡣຎࡿ࡜ᛮࢃࡿࡀࠊ2㔜⿵㛫ࡼࡾ㧗㏿࡛࠶ࡿࠋ 
௨ୖࡀᴫ␎࡛࠶ࡿࡀࠊ࠸ࡎࢀ࡟ࡏࡼࠊ⥺ᙧ⿵㛫࡛࠶ࡿ࠿ࡽࠊィ⟬ㄗᕪࡢⅬ࡛␲ၥࡀṧࡿࠋ 
 ࡍ࡞ࢃࡕࠊཧ↷ࡋࡓㄽᩥ࡟࠾࠸࡚ࡣලయⓗ࡞᪉ἲࡣグ㍕ࡉࢀ࡚࠸࡞࠸ࡀࠊ 
ࢫ࢖ࢵࢳືసࡀ㉳ࡁ࡞࠿ࡗࡓ᫬ࡢィ⟬㸸 1111_2 XhAXX   (4-18) 
CXY  
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ࢫ࢖ࢵࢳືసࡀ㉳ࡁࡓ᫬ࡢィ⟬㸸 1212_2 XhAXX    (4-19) 
ࡇࢀࢆࢫ࢖ࢵࢳືసⓎ⏕᫬Ⅼ࡛ࡢ hhfࢆ⏝࠸࡚ᖹᆒ໬ࡍࡿ࡜ࠊ 
  2_21_22 1 XhhXhhX hfhf           (4-20) 
࡛࠶ࡿࡀࠊ 
ࡇࡢィ⟬ࢆୖグ”1”ࡢࢫࢸࢵࣉ࡛⾜࠺ࡢ࡛࠶ࢀࡤࠊ 
 
 
(4-19) 
 
࡛࠶ࡾࠊ≀⌮ⓗᐇែࢆṇࡋࡃィ⟬ࡋ࡚࠸ࡿᘧ(4-16)࡟ẚ࡭ࠊᘧ(4-19)ࡣ Xhf ࡛ィ⟬ࡍ࡭ࡁ࡜
ࡇࢁࢆ X1࡛⾜ࡗ࡚࠸ࡿࡓࡵࠊィ⟬⢭ᗘ࡟㞴ࡀ࠶ࡿ࡜ゝࢃࡊࡿࢆᚓ࡞࠸ࠋ 
 
4.4. ࢹࢵࢻࣂࣥࢻ᫬㛫ࡢᢅ࠸
 
 ㏻ᖖࣈࣜࢵࢪᅇ㊰ࡢ㥑ື࡟࠾࠸࡚ࡣࠊࢫ࢖ࢵࢳ⣲Ꮚࡢ OFFືసࡢ㐜ࢀ࡟ࡼࡿ▷⤡ࢆ㜵ࡄ
ࡓࡵࠊࣁ࢖ࢧ࢖ࢻࠊ࣮ࣟࢧ࢖ࢻࠊ୧ࢫ࢖ࢵࢳࡀ OFF≧ែ࡜࡞ࡿࠊࢹࢵࢻࣂࣥࢻ᫬㛫ࢆタࡅ
ࡿࡇ࡜ࡀᬑ㏻࡛࠶ࡿࠋ 
 ᚑࡗ࡚ࠊࢫ࢖ࢵࢳࣥࢢᅇ㊰ࡢィ⟬࡟࠾࠸࡚ࡶ୧ࢫ࢖ࢵࢳ OFFࡢࢹࢵࢻࣂࣥࢻࢆ⪃៖ࡍ࡭
ࡁ࡛࠶ࡿࡀࠊࡇࢀࢆࡑࡢࡲࡲ᪉⛬ᘧ࡟ࡍࡿ࡜ࠊᴟࡵ࡚ Stiff࡞ A⾜ิࡀ⏕ᡂࡉࢀࡿࠋ 
ࡋ࠿ࡋࠊ㏻ᖖࡢࣈࣜࢵࢪᅇ㊰࡟࠾࠸࡚ࡣࠊᅗ 4.7ࡢࡼ࠺࡟ࣇࣛ࢖࣍࢕࣮ࣝࢲ࢖࣮࢜ࢻࢆタ
ࡅ࡚࠾ࡾࠊFETࢆ⏝࠸ࡓሙྜࡣࠊᐤ⏕ࢲ࢖࣮࢜ࢻ࡜ࡋ࡚ FETෆ࡟ࢲ࢖࣮࢜ࢻࡀෆⶶࡉࢀ࡚
࠸ࡿࠋࡇࢀࡽࢲ࢖࣮࢜ࢻࡢ㡰᪉ྥ㟁ᅽ㝆ୗ(Vf㸧ࡀ 0.7~1V⛬ᗘ࡛࠶ࡿ࠿ࡽࠊᢅ࠺㟁ᅽࡀ 400V
⛬ᗘ࡜㧗࠸ሙྜࡣࠊ㡰᪉ྥ㟁ᅽ㝆ୗࢆ↓どࡍࡿࡇ࡜ࡀ࡛ࡁࡿࠋ 
ࡍ࡞ࢃࡕࠊᅗ 4.7ࡢࡼ࠺࡟㟁ὶࡢὶࢀࡿྥࡁࢆุ᩿ࡋࠊࣁ࢖ࢧ࢖ࢻࠊࡶࡋࡃࡣ࣮ࣟࢧ࢖ࢻ
ࢆ ONࡍࡿ࡜࠸࠺ᢅ࠸࡟ࡍࡿࡇ࡜࡛ࠊ཮᪉ࡢࢫ࢖ࢵࢳࢆ OFF࡜ࡋࡓሙྜ࡟⾲ࢀࡿ Stiff࡞
᪉⛬ᘧࢆᅇ㑊ࡍࡿ஦ࡀྍ⬟࡛࠶ࡿࠋ 
     
  12111
1211112
1
XAhhXAhX
XhAXhhXhAXh
h
X
hfhf
hfhf
 
 
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ᅗ 4.7 ࢹࢵࢻࣂࣥࢻ᫬㛫㸦୧ࢫ࢖ࢵࢳ㸻OFF㸧ࡢᢅ࠸ 
 
୍᪉ࠊ㟁ᅽࡀపࡃࠊ㡰᪉ྥ㟁ᅽ㝆ୗࡀ↓ど࡛ࡁ࡞࠸ሙྜࡣࠊStiff ࡞᪉⛬ᘧࢆゎࡃࡓࡵࡢ
ᑐ⟇ࡀᚲせ࡜࡞ࡿࠋࡇࡢⅬࡣ௒ᚋࡢ◊✲ㄢ㢟࡛࠶ࡿࠋ 
 
4.5. ࢫ࢖ࢵࢳ㠀⥺ᙧ⣲Ꮚࡢᢅ࠸
 
SPICE ࡢ≉ᚩ࡜ࡋ࡚ࠊࢺࣛࣥࢪࢫࢱࡸࢲ࢖࣮࢜ࢻ࡞࡝ࡢ㠀⥺ᙧ≉ᛶࢆᣢࡘ⣲Ꮚࢆᢅ࠺ࡇ
࡜ࡀ࡛ࡁࠊSPICE࡟ᑐᛂࡋࡓྛ✀ࡢࢹࣂ࢖ࢫࣔࢹࣝࡀᥦ౪ࡉࢀ࡚࠸ࡿ஦ࡀ࠶ࡿࠋ 
 
ᅗ 4.8 MOS-FETࡢฟຊ≉ᛶ   
 
ᮏ᮶ࢫ࢖ࢵࢳ⣲Ꮚࡣࠊᅗ 4.8 ࡟♧ࡍ MOS-FET ࡢ౛ࡢࡼ࠺࡟㠀⥺ᙧ≉ᛶࢆᣢࡘࡀࠊᮏ◊
✲࡛ࡣࠊ4.1⠇࡟࠶ࡿࡼ࠺࡟ࠊࢫ࢖ࢵࢳ⣲Ꮚࡣ⥺ᙧ㸭㐽᩿㡿ᇦ࡛౑࠺ࡇ࡜ࢆ๓ᥦ࡟ON㸭OFF
࡛ 2 ್ࡢ᢬ᢠ್ࢆᣢࡘ᢬ᢠ⣲Ꮚ࡜ࡋ࡚࠸ࡿࠋࡇࢀࡣࠊࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡣไᚚ
 
iL>0࡞ࡽࣁ࢖ࢧ࢖ࢻ㸻ON࡜ྠࡌᢅ࠸㻌
 
iL>0࡞ࡽ࣮ࣟࢧ࢖ࢻ㸻ON࡜ྠࡌᢅ࠸㻌
ࢲ࢖࣮࢜ࢻࡢ Vf=0࡜ࡋࡓሙྜ㻌
iL㻌
VVGS 0 
VVGS 3 
VVGS 4 
VVGS 5 
 
 
 
DSI
DSV
  
㣬࿴㡿ᇦ㻌⥺ᙧ㡿ᇦ㻌
㐽᩿㡿ᇦ㻌
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⿦⨨ࡢ㛤Ⓨ࡟⏝࠸ࡿࡶࡢ࡛ࠊᅇ㊰≉ᛶࡢゎᯒ࡟⏝࠸ࡿࡶࡢ࡛ࡣ↓࠸ࡓࡵࠊ⣲Ꮚࡢ㠀⥺ᙧᛶ
ࢆ෌⌧ࡍࡿ஦ࡣ㐣๫ᛶ⬟࡛࠶ࡿࠊ࡜ࡢ⪃࠼࡟ࡼࡿࠋ 
ୖグࠊ2್ࡢ᢬ᢠ࡛ࡣ࡞ࡃࠊࢫ࢖ࢵࢳ⣲Ꮚࡀ⥺ᙧ㡿ᇦ࠿ࡽ㐽᩿㡿ᇦ࡟⛣⾜ࡍࡿ㛫ࡢ㐣Ώⓗ
࡞⌧㇟ࢆ⪃៖ࡍࡿ࡞ࡽࡤࠊࣁ࣮ࢻࢫ࢖ࢵࢳࣥࢢ࡛࠶ࢀࡤࠊࡑࡇ࡟ᦆኻࡀⓎ⏕ࡍࡿ࠿ࡽࠊ㏻
ᖖࡣᦆኻࢆ⇕タィⓗ࡟ࠊ࠶ࡿ࠸ࡣ࢚ࢿࣝࢠ࣮཰ᨭⓗ࡟チᐜ࡛ࡁࡿ࡜ࡇࢁࡲ࡛ࠊࢫ࢖ࢵࢳࣥ
ࢢ࿘Ἴᩘࢆୗࡆ࡚࠸ࡃࡢࡀᖖ㆑࡛࠶ࡿࠋࡇࢀࡣไᚚᶵჾഃ࠿ࡽぢࢀࡤࠊไᚚ࡟ᙳ㡪ࡀ࡞ࡃ
࡞ࡿࡲ࡛ࢫ࢖ࢵࢳࣥࢢ࿘Ἴᩘࢆୗࡆࡿࠊ࡜ゝ࠸᥮࠼࡚ࡶࡼ࠸ࠋ 
୍᪉ࠊࢯࣇࢺࢫ࢖ࢵࢳࡢᅇ㊰࡟ᑐࡋ࡚ࡶࠊࢫ࢖ࢵࢳ⣲Ꮚࡢᾋ㐟ᐜ㔞࡜ࠊࡇࢀࢆᡴࡕᾘࡍ
ඹ᣺ᅇ㊰ࢆࠊ⥺ᙧࡢᅇ㊰᪉⛬ᘧ࡜ࡋ࡚ᢅ࠼ࡤ༑ศ࡛࠶ࡿࠋ 
ࡋ࠿ࡋࡇࡢࡼ࠺࡞ᅇ㊰ࡣࠊᅛ᭷್ࡀ㧗ࡃ࡞ࡿࡓࡵࣜ࢔ࣝࢱ࢖࣒ィ⟬ࡀᅔ㞴࡛࠶ࡿࠋࢯࣇ
ࢺࢫ࢖ࢵࢳᑐᛂࡢࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡢᐇ⌧࡟ࡣࠊࡉࡽ࡞ࡿᢏ⾡㛤Ⓨࡀᚲせ࡛࠶
ࡿࠋ 
 
4.6. ⤖ㄽ 㸫ࢫ࢖ࢵࢳࣥࢢᅇ㊰ࡢィ⟬࡟᭱㐺࡞ィ⟬࢔ࣝࢦࣜࢬ࣒̿
 
௨ୖ 4❶᳨࡛ウࡋࡓࠊࢫ࢖ࢵࢳࣥࢢᅇ㊰ᅛ᭷ࡢၥ㢟ࢆゎᾘࡍࡿ࢔ࣝࢦࣜࢬ࣒ࠊ3❶࡟࠾࠸
᳨࡚ウࡋࡓࠊᅇ㊰᪉⛬ᘧࡢᵓ⠏ᡭἲࠊ➨ 2 ❶࡟࠾࠸᳨࡚ウࡋࡓᖖᚤศ᪉⛬ᘧࡢ⤌ࡳྜࢃࡏ
࡟࠾࠸࡚ࠊ࡝ࢀࡀ᭱㐺࡛࠶ࡿ࠿ࢆ⤖ㄽࡍࡿࠋ 
 
ඛࡎࠊࢫ࢖ࢵࢳࣥࢢᅇ㊰ࡢィ⟬࢔ࣝࢦࣜࢬ࣒࡜ࡋ࡚ࡣࠊ㒊ศⓗྍኚࢫࢸࢵࣉἲࡀ᭱㐺࡛
࠶ࡿࠋྠᮇ᪉ᘧ࡟ࡍࡿ࠿㠀ྠᮇ᪉ᘧ࡟ࡍࡿ࠿ࡣࠊᑐ㇟࡜ࡍࡿไᚚᡭἲࠊ࠾ࡼࡧᐇ⌧ᡭẁ࡟
౫ᏑࡍࡿࡀࠊDutyẚࢆ 0%࠶ࡿ࠸ࡣ 100%ࡍࡿࡼ࠺࡞ไᚚࢆ⾜࠺ሙྜࡣࠊࢤ࣮ࢺ㥑ືಙྕ࡟
ྠᮇࡍࡿ࢚ࢵࢪࡀ࡞࠸ࡓࡵࠊ㠀ྠᮇ࡟ࡏࡊࡿࢆᚓ࡞࠸ࠋ 
ᅛᐃࢫࢸࢵࣉἲࡣࠊィ⟬ࢫࢸࢵࣉᖜ㸻Duty ẚࡢ᫬㛫ศゎ⬟࡜࡞ࡾࠊ4.2 ⠇᳨࡛ウࡋࡓࡼ
࠺࡟ࠊDutyẚࡢ᫬㛫ศゎ⬟ࡣィ⟬⢭ᗘ࡟┤᥋㛵ࢃࡿࡓࡵࠊၥ㢟ࡀከ࠸ࠋFPGA➼ࡢ㧗㏿࡞
ࣁ࣮ࢻ࢙࢘࢔ࢆᑟධࡋ࡚ࡶࠊྠ୍ࣁ࣮ࢻ࢙࢘࢔࡛㒊ศⓗྍኚࢫࢸࢵࣉἲࢆ㐺⏝ࡍࢀࡤࠊࡼ
ࡾ㧗⢭ᗘ࡟࡞ࡿࡓࡵࠊゎỴ࡜ࡣゝ࠼࡞࠸ࠋ 
≧ែኚᩘࡢ⿵㛫㸭እᤄࡢᡭἲࡣࠊ㒊ศⓗྍኚࢫࢸࢵࣉἲ࡟ẚ࡭ࠊィ⟬⢭ᗘࡀⴠࡕࡿୖ࡟ࠊ
ࢫ࢖ࢵࢳືసⓎ⏕᫬࡟༢఩᫬㛫ᙜࡓࡾࡢィ⟬㈇Ⲵࡀ㧗ࡲࡿⅬࡣྠࡌ࡞ࡢ࡛ࠊ㨩ຊࡀ࡞࠸ࠋ 
≧ែᖹᆒ໬ἲࡣࠊ⡆᫆ⓗ࡞ࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡢᵓ⠏࡟ࡣ㐺ࡍࡿࡀࠊᛶ⬟ࡢྥ
ୖせ⣲࡟ஈࡋ࠸ࠋ 
ḟ࡟ᅇ㊰᪉⛬ᘧࡢᵓ⠏ᡭἲ࡟ࡘ࠸᳨࡚ウࡍࡿࠋ㒊ศⓗྍኚࢫࢸࢵࣉἲࢆ⏝࠸ࡓሙྜࠊィ
⟬ࢫࢸࢵࣉᖜࡀࠊᐇ✌ാ≧ែࡲ࡛☜ᐃࡋ࡞࠸㸦ィ⟬ࢫࢸࢵࣉࡀ࠶ࡿ㸧ࠊ࡜࠸࠺ၥ㢟ࡀ⏕ࡌࡿࠋ
ᚑࡗ࡚ࠊᡤᐃࡢィ⟬ࢫࢸࢵࣉ࡛⣲Ꮚ༢యࢆ㞳ᩓ໬ࡋࠊ➼౯ࢥࣥࢲࢡࢱࡸ➼౯㟁ὶ※࡜ࡋ࡚
ᅇ㊰᪉⛬ᘧࢆᵓ⠏ࡍࡿࠊ⠇Ⅼゎᯒἲࠊಟṇ⠇Ⅼゎᯒἲࠊࢫࣃ࣮ࢫࢱࣈ࣮ࣟἲࡣࠊᐇ᫬㛫࡛
ࡢᅇ㊰᪉⛬ᘧࡢᵓ⠏ࡀᚲせ࡜࡞ࡾࠊ୙฼࡛࠶ࡿࠋ 
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ࡲࡓࠊࡇࢀࡽ࡟ࡼࡿᅇ㊰ࡢᐃᘧ໬࡛ࡣࠊ⾜ิࡀᮍ▱ᩘࡢᕥഃ࡟࠶ࡾࠊ㏫⾜ิࢆゎࡃᚲせ
ࡀ࠶ࡿࠋᚑ᮶ࡢᅇ㊰⏝ࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱ࡛ࡣࠊࡇࡢ㏫⾜ิࢆᐇ᫬㛫ィ⟬ࢆ⾜࠺
๓࡟ணࡵィ⟬ࡋ࡚࠾ࡁࠊᐇ᫬㛫ィ⟬࡛ࡣࠊグ᠈ࡉࢀࡓ㏫⾜ิࡢࡳࢆ⏝࠸ࡿ࡜࠸࠺ᡭἲࡀ⏝
࠸ࡽࢀ࡚࠸ࡿࡀࠊ⾜ิࡢせ⣲࡟ィ⟬ࢫࢸࢵࣉᖜࡀ⤌ࡳ㎸ࡲࢀ࡚࠸ࡿࡓࡵࠊ㒊ศⓗྍኚࢫࢸ
ࢵࣉἲ࡛ࡣィ⟬ࢫࢸࢵࣉᖜࡀ☜ᐃࡍࡿᐇ᫬㛫ィ⟬≧ែ࡛㏫⾜ิࢆゎࡃᚲせࡀ࠶ࡿࠋFPGA
࡛ᐇ⿦ࡋࡓ౛ࡣ࠶ࡿࡀ[15]ࠊᮏ౛࡛ࡣ㏫⾜ิࡢゎἲ࡟ Gauss-Seidel ἲࢆ౑⏝ࡋ࡚࠾ࡾࠊ2
ᅇࡢ཯᚟࡛ィ⟬ࢆ⤊஢ࡋ࡚࠸ࡿࠋࢃࡎ࠿ 2 ᅇ࡛ィ⟬ࢆ཰᮰ࡉࡏࡿࡓࡵ࡟ࡣ⾜ิࡀᙉࡃᑐゅ
ඃ఩ᛶ࡛࠶ࡿᚲせࡀ࠶ࡿࡀࠊࢫ࢖ࢵࢳ⣲Ꮚࡢࣔࢹࣝ໬࡟࠾࠸࡚ᡤᐃࡢᐜ㔞ࡢ࢟ࣕࣃࢩࢱࣥ
ࢫࢆ୪ิ࡟㏣ຍࡍࡿ஦࡛ᑐゅඃ఩ࢆ☜ಖࡍࡿࠊ࡜࠸࠺ᡭἲࡢጇᙜᛶ࡟ࡣ␲ၥࡀṧࡿ࡜ࡇ࡛
࠶ࡿࠋ 
ᚑࡗ࡚ࠊᅇ㊰᪉⛬ᘧ࡜ࡋ࡚ࡣࠊィ⟬ࢫࢸࢵࣉᖜࡀᅇ㊰᪉⛬ᘧ࡟ྵࡲࢀ࡞࠸ࠊ㐃⥆⣔ࡢ≧
ែ᪉⛬ᘧࡀ᭱ࡶ㐺ࡋ࡚࠾ࡾࠊ≧ែ᪉⛬ᘧ࡛ᅇ㊰᪉⛬ᘧࢆᵓ⠏ࡍࡿᡭἲ࡜ࡋ࡚ࡼࡃ▱ࡽࢀࡓࠊ
࢝ࢵࢺࢭࢵࢺゎᯒࢆ᥇⏝ࡍࡿࠋ 
 
᭱ᮇ࡟ᖖᚤศ᪉⛬ᘧࡢᩘ್ゎἲࡢ᪉ᘧ࡛࠶ࡿࡀࠊඛࡎ⥺ᙧከẁゎἲࡢ᥇⏝ࡣၥ㢟ࡀ࠶ࡿࠋ 
ࡇࡢᡭἲࡣࠊ㐣ཤࡢࢹ࣮ࢱࢆ౑⏝ࡍࡿࡓࡵࠊḟᩘࢆ኱ࡁࡃࡍࡿ࡜ࠊィ⟬ࡢึࡵ࡟౑⏝ࡍࡿ
ึᮇ್ࡶࡑࢀࡔࡅᚲせ࡟࡞ࡿࠋᐇ⏝ୖࡣࠊィ⟬ࡢึࡵ࡟ࡣࠊ1ẁ㝵ἲ➼ࢆ౑࠸ࠊィ⟬ࡀ㐍ࢇ
࡛ࠊึᮇ್ࡢタᐃࡀྍ⬟࡟࡞ࡿ࡜ࡇࢁ࡛ከẁゎἲ࡟ษࡾ᭰࠼ࡿࠊ࠶ࡿ࠸ࡣప࠸ḟᩘ㸦1ḟ࡛
࠶ࢀࡤ 1ẁ㝵ἲ࡜ྠࡌ㸧࡛ ጞࡵ࡚ࠊࡑࡢᚋ࡟㧗࠸ḟᩘ࡟ษࡾ᭰࠼ࡿ࡞࡝ࡢᡭἲࡀᐃ␒ࡔࡀࠊ
ࢫ࢖ࢵࢳࣥࢢᅇ㊰ࢆᑐ㇟࡜⪃࠼ࡓሙྜࠊࢫ࢖ࢵࢳືస┤ᚋࡢ࠿࡞ࡾ㔜せ࡞ィ⟬࡟࠾࠸࡚ୖ
グࡢࡼ࠺࡟ 1ẁ㝵ἲ࡜ࡍࡿ࠿ḟᩘࢆῶࡽࡍ࡞࡝ࡢᑐᛂ࡜࡞ࡿࡢ࡛ࠊ⥺ᙧከẁゎἲ࡜ࡋ࡚͆ࠊከ
ẁ㝵͇ࢆά⏝ࡋ࡚࠸ࡿ࡜ࡣゝ࠼࡞࠸ࠋ 
ࡉࡽ࡟ࠊAdams⣔ࡣ BashforthࡶMultonࡶḟᩘࢆୖࡆࡿ࡜Ᏻᐃ㡿ᇦࡀῶᑡࡍࡿⅬࡀホ
౯࡛ࡁ࡞࠸ࠋ 
ᚑࡗ࡚㑅ᢥᯞ࡜ࡋ࡚ࡣ 1ẁ㝵ἲ࡛࠶ࡿࡀࠊᏳᐃ㡿ᇦࡢほⅬ࠿ࡽࡣ 1 ࡞࠸ࡋ 2 ḟࡢᚋ㏥ᚤ
ศබᘧ㸦BDF/Gearἲ㸧ࡀ᭱ࡶ᭷ຊ࡛࠶ࡿࡀࠊAᏳᐃ࡛࠶ࢀࡤ༑ศ࡛࠶ࡿ࠿ࡽࠊ⢭ᗘ࡟ඃࢀ
ࡿྎᙧ✚ศἲࢆ᥇⏝ࡍ࡭ࡁ࡛࠶ࢁ࠺ࠋᐇ㝿ࠊSPICE ࢆึࡵ࡜ࡋࡓከࡃࡢᅇ㊰ࢩ࣑࣮ࣗࣞࢱ
ࡣྎᙧ✚ศἲࡢ᥇⏝ࡀከࡃࠊᚋ㏥ᚤศබᘧࡀࡑࢀ࡟⥆ࡃࠋ 
ࡋ࠿ࡋྎࠊ ᙧ✚ศἲࡶᚋ㏥ᚤศබᘧࡶ㝜ゎἲ࡛࠶ࡾࠊィ⟬ࡀ」㞧࡟࡞ࡿⅬ࡛ၥ㢟࡛࠶ࡿࠋ
㝜ゎἲࢆ⏝࠸ࡿ࡜ࠊࢽ࣮ࣗࢺࣥἲ࡞࡝ࡢ཯᚟ィ⟬ࢆ⾜࠺࠿ࠊ㏫⾜ิࡢィ⟬ࡀᚲせ࡜࡞ࡿࠋ
཯᚟ィ⟬ࡣィ⟬⤊஢᫬㛫ࡀ㠀☜ᐃ࡞ࡓࡵࠊࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱ࡟㐺ྜࡍࡿ஦ࡣᅔ
㞴࡛࠶ࡿࠋࡲࡓࠊ㏫⾜ิࡢィ⟬ࡣࠊ┤᥋ἲ࡛ࡣ O(n3)࡛࠶ࡾࠊGauss-Seidelἲࡢ཯᚟ィ⟬ࡣࠊ
ྠࡌࡃィ⟬⤊஢᫬㛫ࡀ㠀☜ᐃ࡛࠶ࡿࠋᚑࡗ࡚ࠊ㝧ゎἲ࡛ 1ẁ㝵ἲ࡛࠶ࡿ Runge-Kuttaἲࡀ
➨୍ࡢೃ⿵࡜࡞ࡿࠋ 
 
ᩘ್ゎἲࡢᏳᐃᛶࡣࠊᑐ㇟࡜࡞ࡿ᪉⛬ᘧࡢᅛ᭷್࡜ࠊィ⟬ࢫࢸࢵࣉ࡟ࡼࡾỴࡲࡿࡇ࡜ࡣࠊ
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➨ 2 ❶࡛㏙࡭ࡓࡀࠊࡇࢀࡣࡘࡲࡾࠊᑐ㇟࡜࡞ࡿ᪉⛬ᘧࡢᅛ᭷್࡟ࡼࡾࠊ᭱㐺࡞ィ⟬ᡭἲࡀ
ኚࢃࡿ஦ࢆព࿡ࡍࡿࠋ 
ࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡣࠊไᚚࢯࣇࢺࢆ㛤Ⓨࡍࡿࢶ࣮࡛ࣝ࠶ࡾࠊᅇ㊰ࢆゎᯒࡍࡿ
ࡶࡢ࡛࡞࠸ࠊ࡜࠸࠺ཎⅬ࡟❧ࡕ㏉ࡿ࡞ࡽࡤࠊࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡀィ⟬ࡍ࡭ࡁᅇ
㊰ࡢࣂ࢚࣮ࣜࢩࣙࣥࡣࡉ࡯࡝ከࡃ࡞࠸ࡇ࡜࡟Ẽ௜ࡃࠋ 
➨ 5❶࡟࠾࠸࡚ලయⓗ࡞್࡛㏙࡭ࡿࡀࠊࢫ࢖ࢵࢳࣥࢢ࿘Ἴᩘࢆ 20kHz࡜ࡋࡓሙྜࠊ⤒㦂
ⓗ࡟ゝࢃࢀࡿᣦ㔪࡟ᇶ࡙࠸࡚タィࡉࢀࡓ͆ᶆ‽ⓗ࡞ᅇ㊰ᐃᩘ͇ࢆ⏝࠸ࡓᅇ㊰ࢆ⾲ࡍ᪉⛬ᘧ
ࡢᅛ᭷್ࡣᴟ➃࡞್࡜ࡣ࡞ࡽࡎࠊ10ȣsecࡢィ⟬ࢫࢸࢵࣉࢆ౑⏝ࡋࡓሙྜ࡟࠾࠸࡚ࠊ࠶ࡾࡩ
ࢀࡓ㝧ⓗ Runge-Kutta ἲࡢᏳᐃ㡿ᇦ࡟༑ศ࡟ධࡿࠋ୍᪉ࠊ࢞࢖ࢻࣛ࢖ࣥ[21]➼࡟♧ࡉࢀࡿ
ࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡢィ⟬ࢫࢸࢵࣉࡣไᚚ࿘ᮇࡢ 1/5~1/20࡛࠶ࡿ࠿ࡽࠊ20kHz࡛
࠶ࢀࡤ 2.5ȣsec㹼10ȣsec࡛࠶ࡾࠊୖグࡢᏳᐃᛶࢆ☜ಖ࡛ࡁࡿ࡜ࡋࡓ 10ȣsecࡼࡾᑠࡉ࠸ࠋ
10ȣsec ࡛Ᏻᐃ࡟ィ⟬࡛ࡁࢀࡤࠊࡑࢀࡼࡾᑠࡉ࠸ィ⟬ࢫࢸࢵࣉ࡛ࡣࠊ㸦≉Ṧ࡞౛ࢆ㝖ࡅࡤ㸧
ྠࡌࡃᏳᐃ࡟ィ⟬࡛ࡁࡿࠋ 
ࡘࡲࡾࠊ20kHzࢆᑐ㇟࡜ࡋࡓࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱ࡛ᚲせ࡜ࡉࢀࡿࠊไᚚ࿘ᮇ 50
ȣsecࡢ 1/5㹼1/20ࡢィ⟬ࢫࢸࢵࣉ࡛͆ࠊᶆ‽ⓗ࡞ᅇ㊰ᐃᩘࢆᣢࡘࢫ࢖ࢵࢳᅇ㊰ ࢆ͇ィ⟬ࡋࡓ
ሙྜࠊ㝧ゎἲ࡛Ᏻᐃⓗ࡟ィ⟬ྍ⬟࡞ィ⟬ࢫࢸࢵࣉࢆぢฟࡏࡿྍ⬟ᛶࡣ㠀ᖖ࡟㧗࠸ࡢ࡛࠶ࡿࠋ 
௨ୖࡢ⤖ㄽࡣ୍✀ࡢ┣Ⅼ࡛࠶ࡾࠊࡇࢀࢆᣦ᦬ࡋࡓᩥ⊩ࡣࡇࢀࡲ࡛࡟࡞࠸ࠋ 
ᚋࡣࠊ౑⏝ྍ⬟࡞ィ⟬ᡭẁࡀࠊୖグࡢ 2.5ȣ㹼10ȣsecࡢィ⟬ࢫࢸࢵࣉ࡟࠾࠸࡚ࠊ࡝ࡢ⛬
ᗘࡢィ⟬㏿ᗘࢆᐇ⌧࡛ࡁࡿ࠿࡛ࠊィ⟬ࢫࢸࢵࣉࢆỴࡵࢀࡤⰋ࠸ࡇ࡜࡟࡞ࡿࠋ࡞࠾ࠊ➨ 5 ❶
࡛♧ࡍࡼ࠺࡟ࠊ10ȣsec⛬ᗘࡢィ⟬ࢫࢸࢵࣉ࡛࠶ࢀࡤࠊ⌧ᅾᬑ㏻࡟ධᡭྍ⬟࡞ 1GHzࢡࣛࢫ
ࡢỗ⏝ࣉࣟࢭࢵࢧ࡛༑ศ࡟ᐇ⿦ྍ⬟࡛࠶ࡿࠋ 
㏫࡟ࠊ㝜ゎἲࢆ᥇⏝ࡋࡓሙྜࠊィ⟬ࡢᏳᐃᛶࡣ࠶ࡿࡶࡢࡢࠊィ⟬㈇Ⲵࡶ㧗ࡃ࡞ࡿࡓࡵࠊ
㝧ゎἲ࡛ࡣ‶ࡓࡏࡓ 2.5㹼10ȣsecࡀ‶ࡓࡏ࡞ࡃ࡞ࡿྍ⬟ᛶࡀ㧗ࡃࠊࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑ࣗ
࣮ࣞࢱ࡜ࡋ࡚ᡂ❧ࡋ࡞࠸ྍ⬟ᛶࡀ࡛࡚ࡃࡿࠋ 
 
ྠᵝࡢ⪃ᐹࡣ Runge-Kuttaἲࡢḟᩘࡢ㑅ᐃ࡟ࡘ࠸࡚ࡶ࠶࡚ࡣࡲࡿ୍ࠋ ⯡࡟ Runge-Kutta
ἲ࡜ࡣ 4 ḟබᘧࡀ▱ࡽࢀ࡚࠸ࡿࡀࠊࡇࢀࡣィ⟬ࢫࢸࢵࣉᖜ࡜⢭ᗘࡢࣂࣛࣥࢫࡀⰋࡃࠊ᭱⤊
ⓗ࡞ィ⟬᫬㛫ࡀ᭱ࡶ▷࠸࡜ࡉࢀࡿࡇ࡜࡟ࡼࡿࡀࠊୖグࡢࡼ࠺࡟ࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞ
ࢱ࡛ࡣィ⟬ࢫࢸࢵࣉᖜ࡟ୖ㝈ࡀᏑᅾࡍࡿࠋᚑࡗ࡚ࠊィ⟬ࢫࢸࢵࣉᖜࢆ㛗ࡃࡍࡿࡇ࡜ࡀ࡛ࡁ
ࡎࠊḟᩘࢆቑࡸࡍືᶵࡀ࡞ࡃ࡞ࡿࠋ⌧᫬Ⅼ࡛ࡣ⤒㦂๎࡛࠶ࡿࡀࠊᅛ᭷್ࡢ 1/20௨ୗࡢィ⟬
ࢫࢸࢵࣉ࡛࠶ࢀࡤࠊ1ḟ㸦ࡘࡲࡾ๓㐍 Eulerἲ㸧ࠊࡑࢀ௨ୖ࡛ࡶ 2ḟࡢ Runge-Kutta࡛༑ศ
࡞⢭ᗘࡀᚓࡽࢀ࡚࠸ࡿࠋ 
௨ୖࠊ⤖ㄽࡣ 1ḟ࡞࠸ࡋ 2 ḟࡢ Runge-Kuttaἲ࡛࠶ࡿࡀࠊࡇࡢ⤖ㄽ࡟ࡣ͆ࠊ ᶆ‽ⓗ࡞ᅇ
㊰ᐃᩘࢆ⏝࠸ࡓሙྜ͇࡜࠸࠺ణࡋ᭩ࡁࡀ࠶ࡾࠊࡲࡓࢲ࢖࣮࢜ࢻࢆ⏝࠸ࡓ᪼ᅽ㸭㝆ᅽᅇ㊰࡛
㟁ὶ୙㐃⥆࣮ࣔࢻࡀⓎ⏕ࡋࡓሙྜࡸࠊࣈࣜࢵࢪᅇ㊰࡟࠾࠸࡚ 4.4⠇᳨࡛ウࡋࡓࢹࢵࢻࣂࣥࢻ
≧ែ࡟࠾࠸࡚ Vfࡀ↓ど࡛ࡁ࡞࠸ሙྜ࡞࡝ࡣࠊ᪉⛬ᘧࡢᅛ᭷್ࡀ኱ࡁࡃ࡞ࡿࡇ࡜ࡀゎࡗ࡚࠾
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ࡾࠊୖグࡢ๓ᥦࡀᙜ࡚ࡣࡲࡽ࡞ࡃ࡞ࡿࠋ 
ࡇࡢⅬࡣࠊᡤㅝ Semi-Implicit[51]࡜ࡋ࡚▱ࡽࢀࡿࠊ㝜ゎἲࢆ㏆ఝⓗ࡟㝧ゎἲ࡟ኚ᥮ࡍࡿ
࡞࡝ฎ⌮ࢆ⾜࠼ࡤᑐᛂྍ⬟࡜ᛮࢃࢀࡿࠋ௒ᚋࡢ◊✲ㄢ㢟࡜ࡍࡿࠋ 
  
 
ࡼࡗ࡚⤖ㄽࡣࠊ 
 
ィ⟬࢔ࣝࢦࣜࢬ࣒  㸸㒊ศⓗྍኚࢫࢸࢵࣉἲ 
ᅇ㊰᪉⛬ᘧ㸸    㸸࢝ࢵࢺࢭࢵࢺゎᯒ࡟ࡼࡿ≧ែ᪉⛬ᘧ 
ᖖᚤศ᪉⛬ᘧࡢゎἲ 㸸1ḟ࡞࠸ࡋ 2ḟࡢ Runge-Kuttaἲ  
 
࡛࠶ࡿࠋ 
௨ᚋࠊ➨ 5❶࡟࠾࠸࡚ỗ⏝ࣉࣟࢭࢵࢧ࠾ࡼࡧ FPGA࡟ࡼࡿᐇ⿦ࢆ⾜࠸ࠊຠᯝࢆ᳨ドࡍࡿࠋ 
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5❶ 㝧ゎἲ࡟ࡼࡿィ⟬ྍ⬟ᛶ࡜᭱㐺࢔ࣝࢦࣜࢬ࣒࡟ࡼࡿᐇ⿦⤖ᯝ
 
➨ 4 ❶࡛ࡢ⤖ㄽࡢጇᙜᛶࢆ᳨ドࡍࡿࡓࡵ࡟ࠊᐇ㝿࡟ࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࢆᵓ⠏
ࡋࠊᐇᅇ㊰࡜ࡢẚ㍑ࢆ⾜ࡗࡓࠋ 
 
5.1. ẚ㍑ᑐ㇟࡜ࡍࡿᐇᅇ㊰
 
 ᳨ド࡟౑⏝ࡍࡿᅇ㊰ࡣࠊࣁ࣮ࣇࣈࣜࢵࢪᆺࡢ᪼ᅽࢥࣥࣂ࣮ࢱ࡛࠶ࡾࠊᐃ᱁ධຊ㟁ᅽࡣ12Vࠊ
᭱኱ฟຊ㟁ᅽ 50Vࠊ࢖ࣥࢲࢡࢱ᭱኱㟁ὶ 8A࡛タィࡋࡓࠋ 
 
5.1.1. ᐇ㦂ᅇ㊰ࡢసᡂ
 
 ᐇ㝿࡟ᅇ㊰సᡂ࡟౑⏝ࡋࡓᅇ㊰ᅗࢆᅗ 5.1࡟♧ࡍࠋ 
 
ᅗ 5.1 ᐇ㦂⏝ᅇ㊰ࡢᅇ㊰ᅗ 
77 
 
 ᮏᅇ㊰࡛ࡣࠊ࢖ࣥࢲࢡࢱ್ࢆኚ໬ࡉࡏࡿࡇࡇ࡜࡛ࠊ≉ᛶࡀ࡝ࡢࡼ࠺࡟ኚ໬ࡍࡿ࠿ࢆほᐹ
ࡍࡿࡓࡵ L1࡜ L2࡜࠸࠺ 2ಶࡢ࢖ࣥࢲࢡࢱࢆ┤ิ࡟⨨ࡁࠊL2ࢆࣂ࢖ࣃࢫࡍࡿࢫ࢖ࢵࢳࢆタ
ࡅ࡚࠸ࡿࠋࡲࡓࠊฟຊ࢟ࣕࣃࢩࢱ C2࡟୪ิ࡟࢟ࣕࣃࢩࢱ C7ࢆ᥋⥆ࡋᐜ㔞ࢆቑຍࡉࡏࡿࢫ
࢖ࢵࢳࠊࡉࡽ࡟ ESR ࢆቑຍࡉࡏࡿࡓࡵࡢ ESR ᶍᨃ᢬ᢠࢆ᥋⥆ࡍࡿࢫ࢖ࢵࢳࢆタࡅ࡚࠸ࡿ
ࡀࠊ⌧ẁ㝵࡛ᶵ⬟ࡉࡏ࡚࠸ࡿࡢࡣࠊESRᶍᨃ᢬ᢠ᥋⥆ࢫ࢖ࢵࢳࡢࡳ࡛࠶ࡿࠋ 
 
ᅗ 5.2 ᐇ㦂⏝ᅇ㊰ࡢእほ 
 
FETࡣ 60V ⪏ᅽࡢ 2SK2232ࢆ㑅ᐃࡋࠊࢤ࣮ࢺࢻࣛ࢖ࣂࡣ LT1160ࢆ౑⏝ࡋࡓࠋ9ࣆࣥ
ࡢ DSUBࢥࢿࢡࢱ࡟᥋⥆ࡋࡓ TTLࣞ࣋ࣝࡢእ㒊ಙྕ࡟ࡼࡾࠊࣁ࣮ࣇࣈࣜࢵࢪࡢࢫ࢖ࢵࢳ⣲
Ꮚࢆ⊂❧࡟㥑ືࡍࡿࠋࡇࡢࡓࡵࢹࢵࢻࣂࣥࢻ᫬㛫ࡣ௵ព࡟タᐃྍ⬟࡛࠶ࡾࠊࡲࡓ㥑ື೵Ṇ
㸦Duty=0%㸭100%㸧ࡶྍ⬟࡛࠶ࡿࡀࠊLT1160ࡀࣈ࣮ࢺࢫࢺࣛࢵࣉ᪉ᘧࡢࡓࡵࠊ࣮ࣟࢧ࢖
ࢻࣃࣝࢫ೵Ṇ࡛ࡢࣁ࢖ࢧ࢖ࢻࢫ࢖ࢵࢳࡢ㥑ືࡣ࡛ࡁ࡞࠸ࠋ 
 ௨ୖࡀࠊᐇ㝿ࡢᅇ㊰ᵓᡂ࡛࠶ࡿࡀࠊ౑⏝ࡋ࡚࠸࡞࠸ᶵ⬟ࢆ┬࠸ࡓ➼౯ᅇ㊰ࢆᅗ 5.3࡟♧ࡍࠋ
௨ᚋࡢᅇ㊰᪉⛬ᘧ࡟౑⏝ࡍࡿ⣲Ꮚࢩࣥ࣎ࣝྡࡣᅗ 5.3࡟ࡼࡿࡶࡢ࡛࠶ࡿࠋ 
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ᅗ 5.3 ᐇ㦂⏝ᅇ㊰ࡢ➼౯ᅇ㊰ 
 
5.1.2. ᑟฟࡉࢀࡓᅇ㊰᪉⛬ᘧ
 
 3.1 ⠇࡛⏝࠸ࡓᇶᮏἲ๎ࢆ⏝࠸࡚ࠊKCLࠊKVL ࢆ⏝࠸࡚ᡭィ⟬࡛ᑟฟࡋࡓ≧ែ᪉⛬ᘧࡣ
௨ୗ࡛࠶ࡿࠋUࡣධຊ࣋ࢡࢺࣝࠊXࡣ≧ែኚᩘ࣋ࢡࢺ࡛ࣝ࠶ࡾࠊ࣋ࢡࢺࣝࡢせ⣲ࡣ L㟁ὶࠊ
C1㟁ᅽࠊC2㟁ᅽ࡛࠶ࡿࠋࡲࡓࠊCࠊD⾜ิ࡟ࡼࡿฟຊ್ࡣ R㸦㈇Ⲵ᢬ᢠ㸧ࡢ୧➃㟁ᅽ࡛࠶
ࡿ㸦ᐇ㦂࡟࠾࠸࡚ࡣ L 㟁ὶࡶฟຊ್࡜ࡋ࡚ᢅࡗ࡚࠸ࡿࡀࠊL 㟁ὶࡣ≧ែኚᩘ࠿ࡽ┤᥋⟬ฟ
ྍ⬟࡞ࡓࡵࠊCࠊD⾜ิࡼࡾ๭ឡࡋ࡚࠸ࡿ㸧ࠋ 
 
(5-1) 
 
(5-2) 
 
 
 
 
 
(5-3) 
 
 
Qlࡢ᢬ᢠ᢬ᢠ್ࢆ rslࠊQhࡢ᢬ᢠ್ࢆ rsh࡜ࡋࠊ      ࡜ࡍࡿࠋ 
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(5-5) 
 
 
(5-6) 
 
 
୍᪉ࠊᅇ㊰ࢆᅗ 5.4ࡢࡼ࠺࡞ᇶᮏᮌ࡜⿵ᮌ࡟ศゎࡍࡿ஦࡛ࠊ࢝ࢵࢺࢭࢵࢺゎᯒࢆ㐺⏝ࡍࡿ
஦ࡀ࡛ࡁࡿࠋ㑅ᢥࡋࡓᇶᮏᮌࢆᅗ 5.4 ࡟♧ࡍࠋࡇࡢᇶᮏᮌ࡟ᑐࡍࡿࠊ࢝ࢵࢺࢭࢵࢺ⾜ิ Q
ࢆᘧ(5-7)࡟♧ࡍࠋࡇࢀࡼࡾࠊ4.2⠇ࡢィ⟬ᡭ㡰࡟ᚑ࠺࡜ࠊAࠊB⾜ิࢆᑟࡃࡇ࡜ࡀ࡛ࡁࡿࠋ
ᘧ(5-7)ࢆ⏝࠸࡚ AࠊB⾜ิࢆᑟฟࡍࡿm-scriptࢆῧ௜௜㘓ࡢࣜࢫࢺ㸲࡟♧ࡍࠋ 
 
ᅗ 5.4 㑅ᢥࡋࡓᶆ‽ᮌ 
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(5-7) 
 
 ࡞࠾ࠊ⌧ẁ㝵࡛ࡣࠊᅇ㊰ᅗࡼࡾ࢝ࢵࢺࢭࢵࢺࢆᵓᡂࡍࡿᮌࢆ㑅ࡪసᴗࡣᡭసᴗ࡛㑅ᐃࡋ
࡚࠸ࡿࡀࠊࡇࢀࢆ⮬ືⓗ࡟⟬ฟࡍࡿᡭἲࡣཧ⪃ᩥ⊩[42]࡟⤂௓ࡉࢀ࡚࠸ࡿࠋࡲࡓࠊᐇ⏝ⓗ࡟
ࡣ AࠊB ⾜ิࡔࡅ࡛࡞ࡃ CࠊD ⾜ิࡢ⟬ฟࡀᚲせ࡛࠶ࡿࠋ௒ᚋࡣࠊཧ⪃ᩥ⊩[42]ࢆཧ⪃࡟ࠊ
࢝ࢵࢺࢭࢵࢺࡢ㑅ᐃࡢ⮬ື໬࠾ࡼࡧ AࠊBࠊCࠊD⾜ิࡢ⮬ື⏕ᡂࢆ⾜࠺ணᐃ࡛࠶ࡿࠋ 
 
5.1.3. ᅇ㊰ᐃᩘࡢタィ
  
 ࢫ࢖ࢵࢳࣥࢢ࿘Ἴᩘࡣ 20kHz ࡜ࡋࡓࡀࠊࢥࣥࣂ࣮ࢱᅇ㊰ࡢ௦⾲ⓗ࡞ᣦ㔪࡜ࡋ࡚ࠊࠕ࢖ࣥ
ࢲࢡࢱ㸦ᅗ 5.3 ࡢ L㸧࠾ࡼࡧฟຊ࢟ࣕࣃࢩࢱ㸦ᅗ 5.3 ࡢ C2㸧࡛ᵓᡂࡉࢀࡿ࣮ࣟࣃࢫࣇ࢕ࣝ
ࢱࡢ࢝ࢵࢺ࢜ࣇ࿘Ἴᩘࢆࢫ࢖ࢵࢳࣥࢢ࿘Ἴᩘࡢ 1/50࡜ࡍࡿࠖ[52]ࠊࡶࡢࡀ࠶ࡿࠋ 
 ࡇࡢᣦ㔪࡟ᚑ࠺࡜ࠊ 
 400
2
1
2
 
LCS   (5-8) 
࡛࠶ࡾࠊ 
7
2
2 106.14002
1 u#¹¸
·
©¨
§ SLC   (5-9) 
࡜࡞ࡿࠋ 
ᐃᩘ್ 200ȣH㸦ESR࣓࣮ࢱ࡟ࡼࡿᐇ ್ࡣ 180ȣH㸧ࡢ࢖ࣥࢲࢡࢱࢆ౑⏝ࡋࡓࡀࠊLࢆ
ࡇࡢ್࡜ࡍࡿ࡜ࠊᘧ(5-9)ࡼࡾ C2ࡣ 800ȣFࡀᚲせ࡜࡞ࡿࡀࠊࢩ࣑࣮ࣗࣞࢱࡢᛶ⬟ࢆ☜ㄆࡍ
ࡿࡢࡀ┠ⓗ࡛࠶ࡿ࠿ࡽࠊࣜࣉࣝࡀ኱ࡁࡵ࡟ฟࡿࡼ࠺࡟ 220ȣF࡜ࡋࡓࠋ 
ᐇ㝿࡟ࡣ࢟ࣕࣃࢩࢱࡢᑑ࿨ࢆ⦰ࡵࡿࣜࣉࣝ㟁ὶࡢపῶࢆ㔜どࡋ 1mH ⛬ᗘࡢ࢖ࣥࢲࢡࢱ
ࡢ౑⏝౛ࡀከ࠸஦࠿ࡽ⪃࠼ࡿ࡜ࠊࡇࡢタᐃࡣᛂ⟅ᛶ㸭࢖ࣥࢲࢡࢱࢧ࢖ࢬࢆ㔜どࡋࡓࠊᑡࠎ
≉Ṧ࡞タィ࡛࠶ࡿࠋ 
 
௨ୗ࡟౑⏝ࡋࡓ⣲Ꮚࡢᐃᩘ㸦୍㒊ࡣᐇ ್㸧ࢆ♧ࡍࠋ 
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⾲ 5-1 సᡂࡋࡓᐇ㦂ᅇ㊰ࡢ⣲Ꮚᐃᩘ 
⣲Ꮚྡ ᐃᩘ 
L 180ȣH㸦⣲Ꮚ༢యࡢᐇ ್㸧 
C1 220ȣF 
C2 220ȣF 
R1 100mȐ㸦㟁ᅽ※ࡢෆ㒊᢬ᢠ㸧 
re1 60mȐ 
re2 160mȐ㸦ᶍᨃ ESR᢬ᢠࢆྵࡴタィ್㸧 
rl 300mȐ㸦ࢩࣕࣥࢺ᢬ᢠ್ࢆྵࡴ㸧 
rsh 30mȐ㸦ON᫬㸧㸭1MȐ㸦OFF᫬㸧 
rsl 30mȐ㸦ON᫬㸧㸭1MȐ㸦OFF᫬㸧  
 
 
5.1.4. Ᏻᐃᛶゎᯒ
 
 5.1.3⠇࡛♧ࡋࡓ⣲Ꮚᐃᩘ࡟࠾࠸࡚㈇Ⲵ᢬ᢠ Rࢆኚ໬ࡉࡏ࡚ᅛ᭷್ࢆㄪ࡭ࡓࠋ 
ࡇࡢᅇ㊰ᐃᩘ࡛࠶ࢀࡤࠊh=10secࡢィ⟬ࢫࢸࢵࣉᖜ࡟࠾࠸࡚ࠊ4ḟ௨ୗࡢ Runge-Kuttaἲ
࡛༑ศ࡞Ᏻᐃᗘࢆᚓࡿࡇ࡜ࡀ࡛ࡁࡿࡇ࡜ࢆᅗ 5.5࡟♧ࡍࠋ㉥ᩥᏐࡣ᭱ࡶᏳᐃᛶ࡟ᙳ㡪ࢆ୚࠼
ࡿ᭱኱ᅛ᭷್࡛࠶ࡿࠋ 
 
⾲ 5-2 సᡂࡋࡓᐇ㦂ᅇ㊰ࡢᅛ᭷್ 
Ql㸦࣮ࣟࢧ࢖ࢻ㸧=ON  Qh㸦ࣁ࢖ࢧ࢖ࢻ㸧=ON  
R=       R= 
10Ȑ 100Ȑ 1kȐ 10ƺ 100ƺ 1kƺ 
-2.80e4 
-2.42e3- 
-447 
 -2.80e4 
-2.42e3 
-45 
-2.80e4 
-2.42e3 
-4.5 
-2.8e4 
-1.87e3 
s4.7e3i
-2.8e4 
-1.68e3 
s4.8e3i 
-2.8e4 
-1.66e3 
s4.8e3i 
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ᅗ 5.5  సᡂࡋࡓᅇ㊰ᐃᩘࢆ⏝࠸ࡓᅛ᭷್࡜Ᏻᐃ㡿ᇦ㸦h=10ȣsec㸧 
 
⾲ 5-1࡟ᑐࡋࠊ⣲Ꮚࡢᐃᩘࡀࠊࡼࡾᑠࡉ࠸᪉ࡀィ⟬Ᏻᐃᛶⓗ࡟ࡣཝࡋ࠸ࡓࡵࠊཧ⪃࡜ࡋ࡚ࠊ
ࡼࡾᑠࡉ࠸ᐃᩘ࡛ࡢᅛ᭷್ࢆィ⟬ࡋࡓࠋ 
 
⾲ 5-3 ࢫ࢖ࢵࢳࣥࢢ࿘Ἴᩘ 20kHz࡛㝈⏺࡜ᛮࢃࢀࡿᅇ㊰ᐃᩘ 
⣲Ꮚྡ ᐃᩘ 
L 100ȣH 
C1 47ȣF 
C2 100ȣF 
R1 100mȐ㸦㟁ᅽ※ࡢෆ㒊᢬ᢠ㸧 
re1 50mȐ 
re2 50mȐ 
rl 10mȐ 
rsh 10mȐ㸦ON᫬㸧㸭10MȐ㸦OFF᫬㸧 
rsl 10mȐ㸦ON᫬㸧㸭10MȐ㸦OFF᫬㸧  
 
⾲ 5-3ࡢ⣲Ꮚᐃᩘ࡛ࡣࣜࣉࣝ㟁ᅽ㸭㟁ὶࡀ࠿࡞ࡾ኱ࡁࡃࠊᐇ⏝ⓗ࡞ᅇ㊰タィ࡜ࡣゝ࠼࡞࠸
ࡀࠊࡇࡢ್࡟࠾࠸࡚ࡶࠊᅛ᭷್ࡣ⾲ 5.4 ࡛࠶ࡾࠊ᭱኱ᅛ᭷್ࡢ⛣ືࡣᑡ࡞ࡃࠊh=10ȣsec
࡟࡚ Runge-KuttaἲࡢᏳᐃ㡿ᇦ࡟ࠊ༑ศ࡟ධࡿࡇ࡜ࡀᅗ 5.6࡟ࡼࡾࢃ࠿ࡿࠋ 
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⾲ 5-4 㝈⏺࡜ᛮࢃࢀࡿᅇ㊰ᐃᩘ࡟ࡼࡿᅛ᭷್ 
Ql㸦࣮ࣟࢧ࢖ࢻ㸧=ON Qh㸦ࣁ࢖ࢧ࢖ࢻ㸧=ON 
R2= R2= 
10Ȑ 100Ȑ 1kȐ 10ƺ 100ƺ 1kƺ 
-3.3e4 
-2.1e3    
-1.2e3 
-3.3e4 
-1.2e3   
-210 
-3.3e4 
-1.2e3 
-21 
-3.3e4 
-1.9e3 
s1.5e-4i 
-3.3e4 
-913 
s1.5e4i 
-3.3e4 
-818 
s1.5e4i 
 
 
 
ᅗ 5.6  㝈⏺࡜ᛮࢃࢀࡿᅇ㊰ᐃᩘࢆ⏝࠸ࡓᅛ᭷್࡜Ᏻᐃ㡿ᇦ㸦h=10ȣsec㸧 
 
 
 ௨ୖࡼࡾࠊ4.7⠇࡛ᣦ᦬ࡋࡓࠊᐇ⏝ⓗ࡞ࢥࣥࣂ࣮ࢱᅇ㊰ࢆィ⟬ᑐ㇟࡜ࡍࡿሙྜࡣࠊ㝧ゎἲ
ࡢ Runge-Kuttaἲ࡛༑ศ࡟ィ⟬ྍ⬟࡛࠶ࡿࡇ࡜ࡀ☜࠿ࡵࡽࢀࡓࠋ 
 
5.2. ỗ⏝ࣉࣟࢭࢵࢧ࡟ࡼࡿᐇ⿦
 
 ඛࡎࠊᇶᮏⓗ࡞ᛶ⬟ࢆ☜ㄆࡍࡿࡓࡵ࡟ࠊỗ⏝ࣉࣟࢭࢵࢧࢆ⏝࠸࡚ࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑ࣗ
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࣮ࣞࢱࢆᵓᡂࡋࡓࠋィ⟬࢔ࣝࢦࣜࢬ࣒ࡢᐇ⿦࡟ࡣMATALB/Simulinkࢆ⏝࠸ࠊdSPACE♫
ࡢMBDࢶ࣮࡛ࣝ୺࡟ RCP࡛⏝࠸ࡽࢀࡿ DS1103ỗ⏝ࢥࣥࢺ࣮࣮ࣟࣛ࣎ࢻ࡜ࠊDS1103࡜
㏻ಙࢆ⾜࠸ࠊ࢔ࣉࣜࢣ࣮ࢩࣙࣥࣉࣟࢢ࣒ࣛࡢࢲ࣮࢘ࣥࣟࢻ࡜ィ⟬ෆᐜࡢ☜ㄆࣔࢽࢱࢆ⾜࠺ࠊ
Control Desk Ver3.7ࢆ౑⏝ࡋࡓࠋ 
ィ⟬ࢫࢸࢵࣉᖜࡣࠊ4.7 ⠇࡛ࡢ᳨ウࡢࡼ࠺࡟ 2.5ȣ㹼10ȣsec ࡢ㛫࡛㑅ࡪࡇ࡜ࡀᚲせ࡛࠶
ࡿࡀࠊ5.1.4⠇࡛ࡢ᳨ウࡢࡼ࠺࡟ 10ȣsec௨ୗ࡛࠶ࢀࡤࠊィ⟬Ᏻᐃᛶࡣ☜ಖ࡛ࡁࡿࠋDS1103
ࢆ⏝࠸ࡓሙྜࡣ 3.5ȣsecࡲ࡛▷⦰ࡍࡿࡇ࡜ࡀྍ⬟࡛࠶ࡗࡓࠋࡇࡢ್ࡣ 20kHzࡢ⣙ 1/14ࡢ
್࡛࠶ࡾࠊ༑ศ࡞ィ⟬㏿ᗘ࡜ゝ࠼ࡿࠋ࡞࠾ࠊཝᐦ࡟ࡣ➃ᩘࡀᏑᅾࡍࡿࡓࡵࠊ14ᅇࡢィ⟬㸦3.5
14=49ȣsec㸧ࢆ⾜࠺࡜ࠊPWM ಙྕࡢ❧ࡕୖࡀࡾ࡟ྠᮇࡍࡿࡲ࡛ࠊィ⟬ࢆ೵Ṇࡍࡿࡼ࠺
࡟ࡋ࡚࠸ࡿࠋ࡞࠾ࠊᮏ❶࡛ࡣࠊࢫ࢖ࢵࢳ㥑ືಙྕࡣ PWM ಙྕ࡟㝈ᐃࡋࠊ௨ᚋ PWM ಙྕ
࡜࿧ࡪࡇ࡜࡟ࡍࡿࠋ 
 
⾲ 5-1 ࣉࣟࢭࢵࢧᐇ⿦ࣔࢹࣝࡢᴫせ 
౑⏝ࣁ࣮ࢻ࢙࢘࢔ DS1103㸦IBM PowerPC 750FX 1GHz㸧 
ᅇ㊰᪉⛬ᘧ ≧ែኚ᪉⛬ᘧ㸦࢝ࢵࢺࢭࢵࢺゎᯒ㸧 
ᖖᚤศ᪉⛬ᘧࡢゎἲ 2ḟࡢ Runge-Kuttaἲ㸦Heunἲ㸧 
ィ⟬࢔ࣝࢦࣜࢬ࣒ 㒊ศⓗྍኚࢫࢸࢵࣉἲ㸦PWMྠᮇ᪉ᘧ㸧 
ࢹࢵࢻࣂࣥࢻ ᑐᛂ୙ྍ 
ᩘ್ኚᩘࡢᆺ ಸ⢭ᗘᾋືᑠᩘⅬ㸦IEEE754㸧 
ィ⟬ࢫࢸࢵࣉᖜ 3.5ȣsec 
 
 
5.2.1. Simulinkࣔࢹࣝ
 
 㒊ศⓗྍኚࢫࢸࢵࣉἲࢆ Simulink࡛ᐇ⿦ࡋࡓࣈࣟࢵࢡᅗࢆᅗ 5.7࡟♧ࡍࠋDo-Whileࢧ
ࣈࢩࢫࢸ࣒ෆ࡟ StateFlowࡢࣈࣟࢵࢡ࡜ 2ḟࡢRunge-Kuttaἲ࡛࠶ࡿHeunἲ࡟ࡼࡿ≧ែ
ኚᩘィ⟬ࣈࣟࢵࢡࡀྵࡲࢀ࡚࠸ࡿࠋStateFlowฎ⌮ࡢヲ⣽ࡣᅗ 5.8࡛♧ࡍࡀࠊPWMಙྕࡢ
ON᫬㛫㸦StateFlowෆ࡛ࡣኚᩘ TsTime㸧ࡀ⌧ᅾࡢィ⟬᫬้ࢆ㉸࠼ࡓሙྜࠊィ⟬ࢫࢸࢵࣉ
ࡢ͆࠶ࡲࡾ͇࡛࠶ࡿ hhfࢆ⟬ฟࡍࡿ࡜ྠ᫬࡟ࠊኚᩘWhileCondࢆ TRUE࡟タᐃࡍࡿࠋࡇࢀ
࡟ࡼࡾୖグࡢ Do-Whileࢧࣈࢩࢫࢸ࣒ࡀ 2ᅇィ⟬ࢆ⾜࠺࡜࠸࠺ෆᐜ࡟࡞ࡗ࡚࠸ࡿࠋ 
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ᅗ 5.7 㒊ศⓗྍኚࢫࢸࢵࣉἲ㸦ྠᮇ㸧ࡢ Simulinkࣔࢹࣝ࡟ࡼࡿᐇ⿦ 
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ᅗ 5.8 ୺せ࡞ฎ⌮ࢆ⾜࠺ StateFlowࡢ ControlFlow 
 
 
5.2.2. dSPACE♫ RTIࣈࣟࢵࢡ࡟ࡼࡿ I/Oᐇ⿦
 
 ࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡣࠊᶍᨃᑐ㇟ࢆィ⟬ࡍࡿࡔࡅ࡛࡞ࡃ I/Oᶵ⬟ࡀᚲせ࡛࠶ࡿࠋ 
ᚑ᮶ࠊࡇࡢࡼ࠺࡞ I/Oᶵ⬟ࢆ౑⏝ࡍࡿࡓࡵ࡟ࡣ」㞧࡞ I/Oࢻࣛ࢖ࣂࢆ࢔ࢭࣥࣈࣛ➼࡛グ㏙ࡍ
ࡿᚲせࡀ࠶ࡾ㧗ᗘ࡞ࢫ࢟ࣝࡀせồࡉࢀࡓࡀࠊMBDࢶ࣮ࣝࢆ⏝࠸ࡿࡇ࡜࡛ࠊᅇ㊰᪉⛬ᘧࡢࡳ
࡞ࡽࡎࠊI/Oᶵ⬟ࡶࠊSimulinkࡢࣈࣟࢵࢡ⥺ᅗෆࡢࣈࣟࢵࢡ࡜ࡋ࡚⏝࠸ࡿࡇ࡜ࡀ࡛ࡁࡿࠋ 
ᅗ 5.9ࡣ௒ᅇ౑⏝ࡋࡓࠊDS1103࡟౑⏝ࡍࡿ RTI࡜࿧ࡤࢀࡿ I/Oࣈࣟࢵࢡ࡛࠶ࡿࠋ 
87 
 
 
ᅗ 5.9 ࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡢసᡂ࡟⏝࠸ࡓ RTIࣈࣟࢵࢡ 
 
 
5.2.3. ᐇ⿦ୖࡢၥ㢟
 
MBD࡛ࡣࠊ㛤Ⓨࢆᐜ᫆࡟ࡍࡿᵝࠎ࡞ࢶ࣮ࣝࡀ⏝ពࡉࢀ࡚࠸ࡿࡀࠊࡇࢀࡣ࠸ࢃࡤࣞࢹ࢕࣓
࢖ࢻࡢ᪤〇᭹࡛࠶ࡾࠊ≉Ṧ࡞せồ࡟ࡣᑐᛂ࡛ࡁ࡞࠸ሙྜࡀ࠶ࡿࠋ 
ᮏࢩ࣑࣮ࣗࣞࢱࡣᅗ 5.10 ࡢࡼ࠺࡟ࢱࢫࢡᵓᡂࢆ⾜ࡗ࡚࠸ࡿࡀࠊDS1103 ࡟⏝ពࡉࢀ࡚࠸
ࡿỗ⏝ࡢ OS࡛ࡣ୍ࠊ ᐃ㛫㝸࡛㉳ືࡍࡿᐃ᫬ࢱࢫࢡ࡜๭ࡾ㎸ࡳ࡟ࡼࡾ㉳ືࡉࢀࡿࢺ࣮ࣜ࢞ࢱ
ࢫࢡࡢ㑅ᢥࡀྍ⬟࡛࠶ࡿࠋ࡜ࡇࢁࡀࠊྠᮇᆺࡢ㒊ศྍኚࢫࢸࢵࣉἲ࡛ࡣࠊPWMಙྕ࡟ྠᮇ
ࡋࠊࡉࡽ࡟୍ᐃ㛫㝸࡛ฎ⌮ࢆ⾜࠺ࠊᐃ᫬ࢱࢫࢡ࡜ࢺ࣮ࣜ࢞ࢱࢫࢡࡢ཮᪉ࡢᛶ᱁ࢆᣢࡘࢱࢫ
ࢡࢆᚲせ࡜ࡋࠊDS1103࡛ࡣࡇࢀࡀᐇ⌧࡛ࡁ࡞࠸ࠋࡍ࡞ࢃࡕࠊᅗ 5.10࡛ࡣ 3.5ȣsecࡢࢱࢫ
ࢡࡣ PWMಙྕ࡟ྠᮇࡋ࡞࠸ࠋ  
ࡲࡓ㒊ศⓗྍኚࢫࢸࢵࣉἲࡣࠊࢫ࢖ࢵࢳືసⓎ⏕᫬้ࢆṇ☜࡟ィ ࡍࡿᚲせࡀ࠶ࡿࠋ
DS1103࡟ࡣᵝࠎ࡞ RTIࣈࣟࢵࢡࡀ⏝ពࡉࢀ࡚࠾ࡾࠊᅗ 5.9ࡢ Dutyẚ࡜࿘Ἴᩘࢆィ ࡍࡿ
ࣈࣟࢵࢡࢆ౑⏝ࡋࡓࡀࠊࡇࡢࣈࣟࢵࢡࡣ࿘Ἴᩘࢆ 1࿘ᮇィ ࡋࡓᚋ࡟ Dutyẚࡀ☜ᐃࡍࡿࡶ
ࡢ࡛࠶ࡾࠊDutyẚࡢィ ࡀ 1࿘ᮇ㐜ࢀࡿࠋࡉࡽ࡟ࡇࡢࣈࣟࢵࢡࡣࣁ࢖ࢧ࢖ࢻࢫ࢖ࢵࢳ㥑ື
PWMಙྕࡢ Dutyẚࢆィ ࡍࡿࡔࡅ࡛࠶ࡾࠊࣁ࢖ࢧ࢖ࢻࠊ࣮ࣟࢧ࢖ࢻ㥑ື࡟ᑐࡋ࡚ࢹࢵࢻ
ࣂࣥࢻ᫬㛫ࢆタࡅ࡚ࡶィ ࡛ࡁ࡞࠸ࠋ 
ᚑࡗ࡚ࠊࣉࣟࢭࢵࢧ࣮࣋ࢫ࡛ࡢᐇ⿦ࡣࠊྠᮇᆺࡢ㒊ศⓗྍኚࢫࢸࢵࣉἲࢆ┠ᣦࡋࡓࡶࡢ
ࡢࠊDutyẚࡢィ ࡢࡓࡵฎ⌮ࡀ 1࿘ᮇ㐜ࢀࡿ㸦≧ែᖹᆒ໬ἲࡢḞⅬ㸧ࠊPWMಙྕ࡟ྠᮇ࡛
ࡁ࡞࠸ࡓࡵࣜࣉࣝ㟁ᅽ㸭㟁ὶࡢ఩┦ࡀࡎࢀࡿ㸦㠀ྠᮇᆺࡢ㒊ศࢫࢸࢵࣉἲࡢḞⅬ㸧ࠊDuty
ẚࢆィ ࡋ࡚࠸ࡿࡓࡵࠊࢫ࢖ࢵࢳ㥑ື೵Ṇ㸦Dutyẚ=0%/100㸧࡟ᑐᛂ࡛ࡁ࡞࠸ࠊ࡞࡝ከࡃ
ࡢḞⅬࢆᣢࡘࡶࡢ࡟࡞ࡗ࡚࠸ࡿࠋ 
ࡇࢀࡽࢆゎᾘࡍࡿࡓࡵ࡟ࡣࠊ⮬๓ࡢ OSࠊI/O ࢩࢫࢸ࣒࡟ᑐࡍࡿ┤᥋ࡢࢥ࣮ࢹ࢕ࣥࢢࡀᚲ
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せ࡛࠶ࡿࡀࠊࡑࢀ࡛ࡣMBDࢶ࣮ࣝࢆ౑⏝ࡋࠊᐇ⿦ࢆᐜ᫆࡟ࡍࡿ࡜࠸࠺┠ⓗ࡟཯ࡍࡿࡓࡵࠊ
⌧≧௙ᵝ࡜ࡋ࡚࠸ࡿࠋ 
ࡋ࠿ࡋ࡞ࡀࡽࠊཎ⌮☜ㄆࣔࢹࣝ࡜ࡋ࡚ࡣࠊ༑ศ࡛࠶ࡿ࡜⪃࠼࡚࠸ࡿࠋ 
 
ᅗ 5.10 Simulinkᐇ⿦࡟࠾ࡅࡿࢱࢫࢡ㓄ศ 
 
5.2.4. ᐇ㦂⤖ᯝ㸦ᐇᅇ㊰࡜ࡢẚ㍑㸧
 
 ᅗ 5.11ࡢࡼ࠺࡟ࣇ࢓ࣥࢡࢩࣙࣥࢪ࢙ࢿ࣮ࣞࢱ࡛Ⓨ⏕ࡉࡏࡓ PWMಙྕࢆࢧࣥࣉࣝᅇ㊰࡜
DS1103ࢆ౑⏝ࡋࡓࢩ࣑࣮ࣗࣞࢱ࡟୚࠼ࠊ཮᪉ࡢฟຊࢆẚ㍑ࡋࡓ⤖ᯝࢆ♧ࡍࠋ 
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ᅗ 5.11 ẚ㍑ᐇ㦂ࡢᵓᡂ 
 
 
ᅗ 5.12 ᐇᅇ㊰࡜ࢩ࣑࣮ࣗࣞࢩࣙࣥࡢ࢖ࣥࢲࢡࢱ㟁ὶࡢẚ㍑ 
 
ᅗ 5.12 ࡟ᐇᅇ㊰ࡢィ ⤖ᯝ࠾ࡼࡧࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡢ࢖ࣥࢲࢡࢱ㟁ὶࡢฟຊ
⤖ᯝࢆ♧ࡍࠋV1㟁※㟁ᅽ=12.0VࠊDutyẚ=0.5ࠊR=56Ȑ࡜ࡋࠊࢫ࢖ࢵࢳࣥࢢ࿘Ἴᩘࡣ 20kHz
࡛࠶ࡿࠋᐇᅇ㊰࡟࠾࠸࡚ࡣࢫ࢖ࢵࢳࣥࢢືస࡟క࠺ࢫࣃ࢖ࢡࣀ࢖ࢬࡀほ ࡉࢀࡿࡀࠊࢩ࣑
࣮ࣗࣞࢱฟຊ࡟ࣀ࢖ࢬࡣ↓࠸ࠋࡇࡢᐇ㦂࡟ࡼࡿ࢖ࣥࢲࢡࢱ㟁ὶࡢഴࡁࡼࡾࠊᐇᅇ㊰ࡢᐇ⿦
≧ែ࡟࠾ࡅࡿ࢖ࣥࢲࢡࢱ್࡜ࡋ࡚ 270ȝH ࢆ᥎ᐃࡋ㸪௨ᚋࢩ࣑࣮ࣗࣞࢱഃࡣࡇࡢ್ࢆ⏝࠸࡚
࠸ࡿࠋ
50ȝsec㻌
2A㻌
Inductor Current of Simulation (A)㻌
Inductor Current of Actual Circuit (A)㻌
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࡞࠾ࠊᐇᅇ㊰ࡢ࢖ࣥࢲࢡ㟁ὶࡣ 0.1Ȑࡢࢩࣕࣥࢺ᢬ᢠ࡛ィ ࡋ࡚࠾ࡾࠊࢩ࣑࣮ࣗࣞࢱࡢ㟁
ὶ㸭㟁ᅽẚ⋡ࡣ 1:1ࡢࡓࡵࠊ࢜ࢩࣟࢫࢥ࣮ࣉୖࡢࣞࣥࢪࡣ 50mv/dev࡜ 500mV/dev࡛ࡢ⾲♧
࡛࠶ࡿࠋ
 
 
ᅗ 5.13 ᐇᅇ㊰࡜ࢩ࣑࣮ࣗࣞࢩࣙࣥࡢࣜࣉࣝ㟁ᅽࡢẚ㍑ 
 
ᅗ 5.13࡟ᐇᅇ㊰࡜ࢩ࣑࣮ࣗࣞࢱࡢฟຊ㟁ᅽ㈇Ⲵ᢬ᢠ Rࡢ୧➃㟁ᅽࡢẚ㍑ࢆ♧ࡍࠋࣜࣉ
ࣝ㟁ᅽࢆ☜ㄆࡍࡿࡓࡵࠊ࢜ࢩࣟࢫࢥ࣮ࣉࡣ AC࢝ࢵࣉࣜࣥࢢ࡛౑⏝ࡋ࡚࠸ࡿࠋESRࡢタィ್
ࡣ ESR ࣓࣮ࢱ࡟ࡼࡾ 10kHz ࡢ࿘Ἴᩘ࡛ ᐃࡋࡓ C2ࢥࣥࢹࣥࢧࡢ༢యᐇ ್㸦60mȐ㸧࡜
ESRᶍᨃ᢬ᢠ 100mȐࡢྜィ್࡛࠶ࡿ 160mȐ࡛࠶ࡿࡀࠊᐇ㦂⤖ᯝ࡛ࡣ 400mȐࢆ⏝࠸࡚ࢩ࣑
࣮ࣗࣞࢩࣙࣥࡋࡓ⤖ᯝ࡜ྜ⮴ࡋࡓ㸬ᐇᅇ㊰࡛ࡣ ESRᶍᨃ᢬ᢠ᥋⥆ࢫ࢖ࢵࢳࡢ᥋ゐ᢬ᢠ࡛᢬
ᢠ್ࡀቑຍࡋ࡚࠸ࡿࡶࡢ࡜ᛮࢃࢀࡿࠋ
࡞࠾ࠊࢩ࣑࣮ࣗࣞࢱฟຊࡣ D/Aࢥࣥࣂ࣮ࢱࡢฟຊ⠊ᅖࡀs10V࡛࠶ࡿࡓࡵࠊ1/2.5࡜ࡋ࡚
࠸ࡿࠋᚑࡗ࡚ࠊ࢜ࢩࣟࢫࢥ࣮ࣉࡢࣞࣥࢪࡣࠊᐇᅇ㊰ࡣ 500mV/dev ࡛࠶ࡾࠊࢩ࣑࣮ࣗࣞࢱࡣ
200mV/dev࡜ࡋ࡚⾲♧ࡋ࡚࠸ࡿࠋ
1V 
50ȝsec㻌
          Output Voltage of Simulation (V) re2=400mȍ 
㻌
               Output Voltage of Actual Circuit (V) 
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
ᅗ 5.14 ᐇᅇ㊰࡜ࢩ࣑࣮ࣗࣞࢩࣙࣥࡢࢫࢸࢵࣉᛂ⟅ࡢẚ㍑ 
 
ᅗ 5.14࡟ Dutyẚࢆ 0.1Ѝ0.5࡟ኚ໬ࡉࡏࡓ࡜ࡁࡢࢫࢸࢵࣉᛂ⟅ࢆ♧ࡍࠋ㟁ὶࠊ㟁ᅽࡢ❧
ࡕୖࡀࡾࡣࢩ࣑࣮ࣗࣞࢩࣙࣥࡢ᪉ࡀⱝᖸ᪩࠸ࡀ㸪Ⰻዲ࡞⤖ᯝ࡜ゝ࠺ࡇ࡜ࡀ࡛ࡁࡿࠋ 
 
5.3.  FPGA࡟ࡼࡿᐇ⿦
 
5.2⠇࡛ࡢỗ⏝ࣉࣟࢭࢵࢧࢆ⏝࠸ࡓᐇ⿦࡛ࡢㄢ㢟ࡣࠊỗ⏝ࡢ RCPࢶ࣮ࣝࢆ⏝࠸ࠊdSPACE
ࡢỗ⏝ࡢࣜ࢔ࣝࢱ࢖࣒࣭࣮࢝ࢿࣝࢆ⏝࠸ࡓ⤖ᯝࠊPWMಙྕ࡟ࢱࢫࢡࡀྠᮇ࡛ࡁ࡞࠸➼ࡢၥ
㢟ࡢ௚࡟ࡶࠊࢱࢫࢡࢫ࢖ࢵࢳ㐜ᘏࡸ D/Aࢥࣥࣂ࣮ࢱࡢ I/Oࢻࣛ࢖ࣂࡢ㐜ᘏࡢࡓࡵࠊ3.5ȣsec
௨ୗ࡬ࡢィ⟬ࢫࢸࢵࣉࡢ▷⦰ࡀᅔ㞴࡛࠶ࡿ࡜࠸࠺ၥ㢟ࡀ࠶ࡗࡓࠋ 
ࡇࢀࢆゎỴࡍࡿࡓࡵ࡟ࠊdSPACE♫ࡢ FPGA࣮࣎ࢻ࡛࠶ࡿࠊDS5203㸭SX95࣮࣎ࢻࢆ⏝
࠸࡚ᐇ⿦ࢆ⾜ࡗࡓࠋ࡞࠾ࠊFPGA࡜ࡣࠊField-Programmable Gate Arrayࡢ␎࡛࠶ࡾࠊ〇
㐀⪅࡛ࡣ࡞ࡃࠊ౑⏝⪅ࡀᅇ㊰ᵓᡂࢆኚ᭦ࡍࡿ஦ࡀྍ⬟࡞㞟✚ᅇ㊰࡛࠶ࡿࠋࣟࢪࢵࢡ ICࢆ⤌
ࡳྜࢃࡏࡓᅇ㊰ࢆࢯࣇࢺ࢙࢘࢔࡟ࡼࡾᐇ⌧ࡍࡿ஦ࡀ࡛ࡁࡿࡀࠊ୍⯡ⓗ࡞ࣉࣟࢭࢵࢧࡀࢯࣇ
ࢺ࢙࢘࢔࡟ࡼࡾ࢔ࣝࢦࣜࢬ࣒㸦ィ⟬ᡭ㡰㸧ࢆᐃ⩏ࡍࡿ஦࡟ᑐࡋࠊFPGA ࡛ࡣࠊࢯࣇࢺ࢙࢘
࢔࡟ࡼࡾᅇ㊰ᵓᡂࢆᐃ⩏ࡍࡿ஦࡟࡞ࡾࠊࣉࣟࢢ࣒ࣛࡢ⪃࠼᪉ࡣ኱ࡁࡃ␗࡞ࡿࠋ 
౑⏝ࡋࡓࣁ࣮ࢻ࢙࢘࢔࡜ィ⟬࢔ࣝࢦࣜࢬ࣒ࢆ⾲ 5-2࡟グ㍕ࡍࡿࠋ 
 
 
 
25V㻌
Output Voltage of Actual Circuit (V)㻌
 Output Voltage of Simulation (V)㻌
2msec㻌
Inductor Current of Simulation (A)㻌
Inductor Current of Actual Circuit (A)㻌
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⾲ 5-2 FPGAᐇ⿦ࣔࢹࣝࡢᴫせ 
౑⏝ࣁ࣮ࢻ࢙࢘࢔ 
 
DS5203 㸦Xilinx Vertex-5 100MHz㸧 
DS1005 㸦PowerPC 1GHz㸧 
ᖖᚤศ᪉⛬ᘧࡢゎἲ ๓㐍 Eulerἲ 
ᅇ㊰᪉⛬ᘧ ≧ែኚ᪉⛬ᘧ㸦࢝ࢵࢺࢭࢵࢺゎᯒ㸧 
ィ⟬࢔ࣝࢦࣜࢬ࣒ 㒊ศⓗྍኚࢫࢸࢵࣉἲ㸦PWM㠀ྠᮇ᪉ᘧ㸧 
ࢹࢵࢻࣂࣥࢻ ᑐᛂྍ⬟ 
ᩘ್ኚᩘࡢᆺ 32bitᅛᐃᑠᩘⅬ 
ィ⟬ࢫࢸࢵࣉᖜ 200nsec 
 
DS5203ࢆ౑⏝ࡍࡿࡇ࡜࡟ࡼࡾࠊFPGA࣮࣎ࢻ࡟ᐇ⿦ࡉࢀࡓ㧗㏿࡞ A/Dࢥࣥࣂ࣮ࢱࠊD/A
ࢥࣥࣂ࣮ࢱࠊࢹࢪࢱࣝ I/Oࢆ౑⏝ࡍࡿ஦ࡀ࡛ࡁࡿࠋ 
࡞࠾ DS5203ࡣ࣍ࢫࢺࣉࣟࢭࢵࢧ࣮࣎ࢻ㸦DS1005㸧࡜⤌ࡳྜࢃࡉࢀࠊィ⟬ࡢタᐃࡢኚ᭦
ࡸィ⟬⤖ᯝࡢ⾲♧ࡣࣉࣟࢭࢵࢧ࣮࣎ࢻࡀ࣍ࢫࢺ PC ࡜㏻ಙࡋ࡚⾜࠺ࠋࡇࡢᵓᡂࢆ฼⏝ࡋ࡚ࠊ
ィ⟬࡟౑⏝ࡍࡿධຊ್ࡸ AࠊBࠊCࠊD⾜ิࡢᵓ⠏࡞࡝ࠊ」㞧࡛࠶ࡿࡀ᫬㛫ⓗ࡞వ⿱ࡀ࠶ࡿ
ฎ⌮ࡣࣉࣟࢭࢵࢧ࣮࣎ࢻ࡟௵ࡏࠊ㧗㏿ィ⟬ࡀᚲせ࡞㒊ศࡢࡳࢆ FPGA࡟ᐇ⿦ࡋ࡚࠸ࡿࠋ 
 
5.3.1. Xilinx♫ SystemGeneratorࢆ⏝࠸ࡓᅇ㊰ࣔࢹࣝࡢᐇ⿦
 
 FPGA ࡟ᑐࡍࡿࣉࣟࢢ࣒ࣛࡣࠊSimulink ࡜ࡼࡃఝࡓࣈࣟࢵࢡ⥺ᅗ࡟ࡼࡿグ㏙ࡀྍ⬟࡞
Xilinx♫ࡢ System Generatorࢆ⏝࠸ࡓࠋ㏻ᖖ FPGAࡣࣁ࣮ࢻ࢙࢘࢔グ㏙ゝㄒ㸦HDL㸧࡛
ࣉࣟࢢ࣒ࣛࡉࢀࡿࡀࠊSystem Generatorࢆ⏝࠸ࡿࡇ࡜࡛ࠊᐜ᫆࡟ FPGA࡬ࡢࣉࣟࢢ࣒ࣛࢆ
⾜࠺஦ࡀ࡛ࡁࡿࠋSystem Generator࡛౑⏝ࡍࡿࣈࣟࢵࢡࡢ୍౛ࢆᅗ࡟♧ࡍࠋ 
 
 
 
ᅗ 5.15 System Generatorࡢ௦⾲ⓗ࡞₇⟬ࣈࣟࢵࢡ 
 
5.3.2. dSPACE♫ RTI-FPGAࣈࣟࢵࢡࢆ⏝࠸ࡓ I/Oᐇ⿦
 
 ᮏࢩࢫࢸ࣒࡟࠾࠸࡚ࡣ 2✀㢮ࡢ I/OࡀᏑᅾࡍࡿ୍ࠋ ࡘࡣࠊ࣮࢜ࣥ࣎ࢻࡢ A/Dࢥࣥࣂ࣮ࢱࠊ
ᐃᩘ ࢤ࢖ࣥ ㄽ⌮₇⟬ ẚ㍑ 㐜ᘏ ຍῶ⟬ ࢝࢘ࣥࢱ࣮ 
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D/A ࢥࣥࣂ࣮ࢱࠊbit-I/O ࡛࠶ࡾࠊࡶ࠺୍ࡘࡣࣉࣟࢭࢵࢧ࣮࣎ࢻ࡜ࡢ㏻ಙࢆࢧ࣏࣮ࢺࡍࡿࡶ
ࡢ࡛࠶ࡿࠋ୧⪅ࡣࠊ5.2 ⠇ࡢࣉࣟࢭࢵࢧᐇ⿦ࡢ᫬࡜ྠࡌࡼ࠺࡟ࠊdSPACE ♫ࡢ RTI-FPGA
ࢆ⏝࠸ࡿࡇ࡜࡛ࠊᐜ᫆࡟ Simulink࠾ࡼࡧ System Generatorࣔࢹࣝ࡟⤫ྜࡍࡿࡇ࡜ࡀ࡛
ࡁࡿࠋ 
ᅗ 5.16 ࡟ᴫ␎ᅗࢆ♧ࡍࠋỈⰍࡢ RTI ࣈࣟࢵࢡࡀࠊࣉࣟࢭࢵࢧ࡜ࡢ㏻ಙ࡟౑⏝ࡍࡿ RTI ࡛
࠶ࡾࠊ࢜ࣞࣥࢪⰍࡢࣈࣟࢵࢡࡀ࣮࢜ࣥ࣎ࢻࡢ I/O ࡟ࡼࡿእ㒊ಙྕࢆᢅ࠺ RTI ࣈࣟࢵࢡ࡛࠶
ࡿࠋ 
 
ᅗ 5.16 2✀㢮ࡢ RTI-FPGA  
 
5.3.3. ࣔࢹࣝࡢᵓ㐀
 
ᅗ 5.17 Simulikࣔࢹࣝࡢ඲యᵓ㐀 
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ᅗ 5.18 FPGA࡟ࡼࡿ㠀ྠᮇᆺ㒊ศⓗྍኚࢫࢸࢵࣉἲࡢᐇ⿦ 
 
Simulinkࣔࢹࣝࡢ඲యᵓ㐀ࢆᅗ 5.17࡟♧ࡍࠋ⥳ࡢ㒊ศࡀ FPGAࣔࢹ࡛ࣝ࠶ࡾࠊࡇࡢ㒊
ศࡀ DS5203 ࡛ືసࡍࡿࠋṧࡾࡢ Simulink ࣔࢹ࡛ࣝࡣࠊAࠊBࠊCࠊD ⾜ิࡢᵓ⠏ࡸࠊᅛ
ᐃᑠᩘⅬࢹ࣮ࢱ࡬ࡢኚ᥮ࠊFPGA ࡬ࡢ㌿㏦ࢹ࣮ࢱࡢᵓ⠏ࢆ⾜ࡗ࡚࠸ࡿࠋFPGA ࣔࢹࣝࢆᅗ
5.18࡟♧ࡍࠋ㯤Ⰽࡢࣈࣟࢵࢡࡀእ㒊 I/Oࢆ⏝࠸ࡿ RTIࣈࣟࢵࢡ࡛࠶ࡾࠊỈⰍࡢࢧࣈࢩࢫࢸ
࣒ෆ࡟ࣉࣟࢭࢵࢧࡢ㏻ಙ⏝ࡢ RTIࣈࣟࢵࢡࡀྵࡲࢀ࡚࠸ࡿࠋ 
 ᮏᐇ⿦࡟࠾࠸࡚ࠊ᰾࡜࡞ࡿࡢࡣ≧ែኚᩘࡢィ⟬㒊ศ࡛࠶ࡿࡓࡵࠊᅗ 5.19࡟ィ⟬ࡢࢱ࢖࣑
ࣥࢢࢆ♧ࡍࠋ 
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ᅗ 5.19 ≧ែኚᩘィ⟬ࡢࢱ࢖࣑ࣥࢢᅗ 
 
 ᑐ㇟࡜ࡍࡿࢥࣥࣂ࣮ࢱᅇ㊰ࡣࣁ࣮ࣇࣈࣜࢵࢪᆺ࡛࠶ࡿࡢ࡛ࠊࣁ࢖ࢧ࢖ࢻഃ࡜࣮ࣟࢧ࢖ࢻ
ഃࡢ PWM ಙྕࢆධຊ࡜ࡍࡿࠋࡲࡓࠊࢹࢵࢻࣂࣥࢻࡢฎ⌮ࡶྍ⬟࡜ࡋ࡚࠸ࡿࠋィ⟬ࡣ
TaskTick࡜࿧ࡪಙྕ࡟ྠᮇࡋ࡚ᡤᐃࡢ㛫㝸࡛⾜࠺ࡀࠊFPGAࡢሙྜࠊᐇ㝿࡟ࢱࢫࢡࡀ㉳ື
ࡉࢀࡿࢃࡅ࡛ࡣ࡞ࡃࠊTaskTickࡣࢹ࣮ࢱࣛࢵࢳࡢࢱ࢖࣑ࣥࢢࢆỴࡵࡿEnableಙྕ࡛࠶ࡿࠋ 
 ᅗ 5.19࡟࠾࠸࡚᭱ึࡢ TaskTick(t1)࡛ X1ࡀィ⟬ࡉࢀࡿ࡞ࡽࡤࠊḟࡢ X2ࡣࠊࡑࡢ᫬Ⅼ࡛
᭷ຠ࡛࠶ࡿ AࠊB ⾜ิࠊࡍ࡞ࢃࡕࠊࣁ࢖ࢧ࢖ࢻഃࡢࢫ࢖ࢵࢳࡀ ON ࡋࡓሙྜࡢ≧ែ᪉⛬ᘧ
ࢆ⏝࠸࡚≧ែኚᩘࡢィ⟬ࡀ⾜ࢃࢀࡿࠋt1~t2ࡲ࡛࡟ࢫ࢖ࢵࢳືసࡣ㉳ࡁ࡚࠸࡞࠸ࡢ࡛ࠊX2ࡣ
TaskTickࡢ㛫㝸㸦=h0)࡛ィ⟬ࡉࢀࡿࠋ 
t2~t3 ࡲ࡛ࡢ㛫ࠊࣁ࢖ࢧ࢖ࢻࠊ࣮ࣟࢧ࢖ࢻࡀࡑࢀࡒࢀࢫ࢖ࢵࢳືసࢆ⾜࠺ࡀࠊࡇࡢ᫬㛫ࠊ
h1࠾ࡼࡧ h2ࡣᚋ㏙ࡍࡿࢧࣈࢩࢫࢸ࣒࡟ࡼࡾ HiEventCount್ࠊLoEventCount್࡜ࡋ࡚
FPGAࡢࢡࣟࢵࢡᩘࡀ࢝࢘ࣥࢺࡉࢀ࡚࠾ࡾࠊࡑࢀࡒࢀ h1ࠊh2࡜ࡋ࡚ࠊt3ࡢ TaskTickࡢࢱ
࢖࣑ࣥࢢ࡛ࣛࢵࢳࡉࢀࡿࠋt3ࡢࢱ࢖࣑ࣥࢢ࡛ࡣࠊࡇࡢ h1ࠊh2ࢆ⏝࠸࡚ࠊ⌧ᅾࡢ࣮ࣟࢧ࢖ࢻ
ࡀ ON ࡢሙྜࡢ᪉⛬ᘧ㸦A2㸭B2㸧ࠊࡦ࡜ࡘ๓ࡢ≧ែ࡛࠶ࡿࣁ࢖ࢧ࢖ࢻࠊ࣮ࣟࢧ࢖ࢻ࡜ࡶ࡟
OFF ࡢ᫬ࡢ᪉⛬ᘧ㸦A0㸭B0㸸ᐇ㝿࡟ࡣ㟁ὶࡢ᪉ྥࡼࡾࠊA1㸭B1ࡲࡓࡣ A2㸭B2ࢆ⏝࠸ࡿ)ࠊ
ࣁ࢖ࢧ࢖ࢻ ONࡢሙྜࡢ᪉⛬ᘧ㸦A1㸭B1㸧ࢆࡑࢀࡒࢀࠊ(h0-h2)ࠊ(h2-h1)ࠊh1ࢆィ⟬ࢫࢸ
ࢵࣉ࡜ࡋ࡚௨ୗࡢィ⟬ࢆ⾜࠺ࠋ࡞࠾ࠊ௨ୖࡢࡼ࠺࡟᫬㛫ࡢࣃ࣓࣮ࣛࢱ࡛࠶ࡿ h0ࠊh1ࠊh2
 uBXAhXX 1112 0  
 
  
  uBXAhhXX
uBXAhhXX
uBXAhXX
22_322_33
01_301_32_3
1121_3
20
12
1
 
 
 
1X
ࢹࢵࢻࣂࣥࢻ㻌
1t 2t 3t 4t
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ࡣ FPGA ࢡࣟࢵࢡᩘࡢᩚᩘ್࡜ࡋ࡚୚࠼ࡽࢀࡿࡓࡵࠊAࠊB ⾜ิࡢせ⣲ࡢࣃ࣓࣮ࣛࢱࡢ᫬
㛫ࡢ༢఩ࡣ FPGAࢡࣟࢵࢡ್࡛ணࡵṇつ໬ࡉࢀ࡚࠸ࡿࠋ 
 
 
 
 
(5-10) 
 
࡞࠾ࠊࢫ࢖ࢵࢳࣥࢢືసࡀⓎ⏕ࡋ࡞࠸ሙྜࡣࠊh2=0ࠊh1=0࡜ࡍࡿࡇ࡜࡛ࠊ௨ୖࡢᘧࢆࡍ
࡭࡚ࡢ TaskTick࡟࠾࠸࡚ྠᵝ࡟ᐇ⾜ࡍࡿ஦ࡀ࡛ࡁࠊࣔࢹࣝࢆ⡆␎໬ࡋ࡚࠸ࡿࠋ 
౛࠼ࡤ X2ࡢィ⟬࡟ࡣࠊᐇ㝿࡟ࡣ௨ୗࡢᘧ(5-11)ࢆᐇ⾜ࡋ࡚࠸ࡿࠋ 
 
 
 
 
(5-11) 
 
ᅗ 5.20࡟ HiEventCount್࡜ࠊLoEventCount್ࢆィ ࡍࡿ System Generatorࡢࣈࣟ
ࢵࢡᅗ࡜ධฟຊࡢࢱ࢖࣑ࣥࢢࢆ♧ࡍࠋ 
 
   
  uBXAhhXX
uBXAhhXX
uBXAhXX
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01_301_32_3
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 
 
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00
0
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 
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ᅗ 5.20 HiEventCount್࡜ LoEventCount್ࢆィ ࡍࡿ FPGAࣔࢹࣝ 
 
࡞࠾ࠊTaskTick࡜ࢫ࢖ࢵࢳ࢖࣋ࣥࢺࡀ㔜࡞ࡗࡓ᫬ࡢฎ⌮ࡣ࢝࢘ࣥࢺ್=0ࠊࡘࡲࡾࡑࡢ᫬
Ⅼ࡛ࡣࠊࢫ࢖ࢵࢳ࢖࣋ࣥࢺࡀⓎ⏕ࡋ࡚࠸࡞࠸࡜ࡍࡿฎ⌮ࢆᅗ 5.21࡟♧ࡍࠋࡇࢀࡣ AࠊBࠊCࠊ
D⾜ิࢆษࡾ᭰࠼ࡿฎ⌮࡟㐜ᘏࡀ㑊ࡅࡽࢀ࡞࠸ࡓࡵࠊࡇࡢ㐜ᘏ࡟ྜࢃࡏࡓ⤖ᯝ࡛࠶ࡿࠋ 
ᅗ 5.22 ࡛ࡣ TaskTick ࡢ┤๓࡟ࢫ࢖ࢵࢳ࢖࣋ࣥࢺࡀⓎ⏕ࡋࡓሙྜࡢฎ⌮ࢆ♧ࡋ࡚࠾ࡾࠊ
 
16Clock㻌
8Clock㻌
 
  
Switch࡞ࡋ=0Clock㻌 8Clock㻌
 
Switch࡞ࡋ
=0Clock㻌
  
8Clock㻌
ࢹࢵࢻࣂࣥࢻ=8ClockClock㻌Carrier=1kHz/Duty=60%э60-8(Dead Band)=52㻌
TaskTick㻌
HiSide㻌PWM㻌
LoSide PWM㻌
HiEventCount㻌
LoEventCount㻌
EventCounter㻌
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࢝࢘ࣥࢺ್=19࡛࠶ࡿࠋ 
FPGA ࣉࣟࢢ࣑ࣛࣥࢢ࡛ࡣࠊࡇࡢࡼ࠺࡞ᚤጁ࡞ࢱ࢖࣑ࣥࢢ࡟ᑐࡍࡿៅ㔜࡞⪃ᐹࡀ㔜せ࡜
࡞ࡿࠋ 
 
ᅗ 5.21 TaskTick࡜ࢫ࢖ࢵࢳືసࡀྠ᫬ࡢሙྜࡢฎ⌮㸦LoEventCount್=0㸧 
 
 
ᅗ 5.22 TaskTickࡢ┤๓࡟ࢫ࢖ࢵࢳືసࡀ㉳ࡁࡓሙྜ㸦LoEventCount್=19㸧 
 
8Clock㻌
 
 
20ClockэClock㻌
8Clock㻌
 TaskTick㻌
HiSide㻌PWM㻌
LoSide PWM㻌
HiEventCount㻌
LoEventCount㻌
EventCounter㻌
 
19Clock㻌
 
7Clock㻌 7Clock㻌
 
TaskTick㻌
HiSide㻌PWM㻌
LoSide PWM㻌
HiEventCount㻌
LoEventCount㻌
EventCounter㻌
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5.3.4. ᐇ㦂⤖ᯝ㸦ᐇᅇ㊰࡜ࡢẚ㍑㸧
 
 ௨ୗ࡟ᐇ㦂⤖ᯝࢆ♧ࡍࠋᅗ 5.23࡟ᐇ㦂⿦⨨ࡢእほࢆ♧ࡍ dSPACE♫ࡢࣉࣟࢭࢵࢧ࣮࣎ࢻ
࡛࠶ࡿ DS1005ࠊFPGA ࣮࣎ࢻ࡛࠶ࡿ DS5203 ࡣᕥഃ࡟࠶ࡿ⟂య࡟཰ࡵࡽࢀ࡚࠾ࡾࠊィ⟬
⤖ᯝ࡜ᐇᅇ㊰ࡢฟຊࡣ࣍ࢫࢺ PC࡛ほ ࡍࡿ࡟ࡣ㏿ࡍࡂࡿࡓࡵࠊ࢜ࢩࣟࢫࢥ࣮ࣉ࡛┤᥋ほᐹ
ࡍࡿࠋ࡞࠾ FPGAᐇ⿦࡟࠾࠸࡚ࡣࠊPWMಙྕࡶ FPGA࣮࣎ࢻ࡛⏕ᡂࡋ࡚࠸ࡿࡓࡵࣇ࢓ࣥ
ࢡࢩࣙࣥࢪ࢙ࢿ࣮ࣞࢱࡣ౑⏝ࡋ࡚࠸࡞࠸ࠋPWM ಙྕࢆ FPGA ࡛⏕ᡂࡋࡓࡇ࡜࡟ࡼࡾࠊࣁ
࢖ࢧ࢖ࢻࠊ࣮ࣟࢧ࢖ࢻࡢฟຊ࡟タࡅࡿ௵ពࡢࢹࢵࢻࣂࣥࢻ᫬㛫タᐃࡀྍ⬟࡜࡞ࡗࡓࡓࡵࠊ
ࡇࢀࢆ 1ȣsec࡜ࡋ࡚࠸ࡿ㸦ᐇ㝿ࡣ 4.7⠇࡛♧ࡋࡓࡼ࠺࡟ࠊ࣎ࢹ࢕ࢲ࢖࣮࢜ࢻࡀ㟁ὶࢆὶࡍ
ࡓࡵࠊࣁ࢖ࢧ࢖ࢻࡢ ON᫬㛫ࡀ 1+1ȣsecᘏ㛗ࡉࢀࡿ஦࡜➼౯࡛࠶ࡿ㸧ࠋ 
 
ᅗ 5.23 ᐇ㦂⿦⨨ࡢእほ 
 
 
ᅗ 5.24 ࢫ࢖ࢵࢳࣥࢢ࿘Ἴᩘࢆ 50kHz࡜ࡋࡓ࡜ࡁࡢࢩ࣑࣮ࣗࣞࢱฟຊ 
࢖ࣥࢲࢡࢱ㟁ὶ㻌
PWMಙྕ(50kHz)㻌
ฟຊ㟁ᅽ㻌 㟁ᅽࣜࣉࣝࡢ෌⌧㻌
20ȣsec㻌
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ᅗ 5.25 ࢫ࢖ࢵࢳࣥࢢ࿘Ἴᩘࢆ 20kHz࡜ࡋࡓ࡜ࡁࡢᐇᅇ㊰࡜ࢩ࣑࣮ࣗࣞࢱฟຊࡢẚ㍑
㸦Dutyẚ=0.5㸧 
 
ᅗ 5.24ࠊᅗ 5.25࡟ᐇ㦂⤖ᯝࢆ♧ࡍࠋࣉࣟࢭࢵࢧᐇ⿦࡟ࡃࡽ࡭ࠊἼᙧࡣ⁥ࡽ࠿࡛࠶ࡾࠊィ
⟬㐜ᘏࢆほᐹࡍࡿ஦ࡣ࡛ࡁࡎࠊⰋዲ࡞⤖ᯝ࡜ゝ࠼ࡿࠋࡋ࠿ࡋ࡞ࡀࡽࠊୖグ࡟♧ࡋࡓࡼ࠺࡟
FPGA ࡢᐇ⿦ࡣ₇⟬㐜ᘏࢆ⪃៖ࡋࡓὀព῝࠸ᐇ⿦ࡀᚲせ࡛࠶ࡾࠊࡲࡓ System Generator
ࣔࢹࣝ࠿ࡽࠊFPGAࡢᅇ㊰ᵓᡂࢆᐃ⩏ࡋࡓ RTLࣇ࢓࢖ࣝࢆ⏕ᡂࡍࡿࡲ࡛࡟ 1᫬㛫⛬ᗘࡢ᫬
㛫ࢆᚲせ࡜ࡍࡿࡓࡵࠊ㛤Ⓨࡣ㠀ᖖ࡟ᅔ㞴࡛࠶ࡿࠋ 
࡞࠾ࠊᐇᅇ㊰ࡢฟຊ࡟ࡣࠊࢫ࢖ࢵࢳࣥࢢືస࡟క࠺࠿࡞ࡾ኱ࡁ࡞ࢫࣃ࢖ࢡࣀ࢖ࢬࡀ஌ࡗ
࡚࠸ࡿࡀࠊࢩ࣑࣮ࣗࣞࢱ࡛ࡣࡑࡇࡲ࡛ࡣィ⟬ࡋ࡚࠸࡞࠸ࠋࢩ࣑࣮ࣗࣞࢱฟຊ࡟ࢫࣃ࢖ࢡࣀ
࢖ࢬࡀ஌ࡿࡢࡣࠊ࢜ࢩࣟࢫࢥ࣮ࣉࡢෆ㒊ᅇ㊰ࡢᙳ㡪࡛࠶ࡿࠋ 
 
ᅗ 5.26ࠊᅗ 5.27࡟ Dutyẚࢆ 0.3ཬࡧ 0.7࡜ࡋࡓሙྜࡢ⤖ᯝࢆ♧ࡍࠋࣉࣟࢭࢵࢧᐇ⿦ࡢ
᫬࡜ྠࡌࡃ L=270ȣH࡜ࡋࡓ್࡜୍⮴ࡍࡿࡼ࠺࡛࠶ࡿࡀࠊᅗ 5.27ࡢࡼ࠺࡟ Duty ẚࡀ኱ࡁ
ࡃ࡞ࡾࠊὶࢀࡿ㟁ὶ್ࡢ⤯ᑐ್ࡀ኱ࡁࡃ࡞ࡿ࡜ࠊᐇᅇ㊰ࡢ࢖ࣥࢲࢡࢱ್ࡣᑠࡉࡃ࡞ࡗ࡚࠸
ࡿࡼ࠺࡛࠶ࡿࠋᐃ᱁ 8Aࡢ࢖ࣥࢲࢡࢱ࡛࠶ࡿࡀࠊ㠀⥺ᙧᛶࡢᙳ㡪ࡀ⌧ࢀࡓࡶࡢ࡜ᛮࢃࢃࢀࡿࠋ 
 
 
 
 
 
PWMἼᙧ㻌 50ȝs㸻20kHz 
Inductor Current of Actual Circuit (A)
Inductor Current of Simulation (A) 
1A 
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  
ᅗ 5.26 Dutyẚ=0.3ࡢሙྜ    ᅗ 5.27 Dutyẚ=0.7ࡢሙྜ 
 
ᅗ 5.28࡟ᐇᅇ㊰࡜ࢩ࣑࣮ࣗࣞࢱࡢฟຊ㟁ᅽ㈇Ⲵ᢬ᢠ Rࡢ୧➃㟁ᅽࡢẚ㍑ࢆ♧ࡍࠋࣜࣉ
ࣝ㟁ᅽࢆ☜ㄆࡍࡿࡓࡵࠊ࢜ࢩࣟࢫࢥ࣮ࣉࡣ AC࢝ࢵࣉࣜࣥࢢ࡛౑⏝ࡋ࡚࠸ࡿࠋESRࡢタィ್
ࡣ ESR ࣓࣮ࢱ࡟ࡼࡾ 10kHz ࡢ࿘Ἴᩘ࡛ ᐃࡋࡓ C2 ࢥࣥࢹࣥࢧࡢ༢యᐇ ್㸦60mȐ㸧࡜
ESRᶍᨃ᢬ᢠ 100mȐࡢྜィ್࡛࠶ࡿ 160mȐ࡛࠶ࡿࡀࠊᐇ㦂⤖ᯝ࡛ࡣ 300mȐࢆ⏝࠸࡚ࢩ࣑
࣮ࣗࣞࢩࣙࣥࡋࡓ⤖ᯝ࡜ྜ⮴ࡋࡓࠋᐇᅇ㊰ࡣ ESR ᥋⥆ࢫ࢖ࢵࢳࡢ᥋ゐ᢬ᢠ࡛᢬ᢠ್ࡀቑຍ
ࡋ࡚࠸ࡿࡶࡢ࡜ᛮࢃࢀࡿࠋ
 
 
ᅗ 5.28 ᐇᅇ㊰࡜ࢩ࣑࣮ࣗࣞࢩࣙࣥࡢࣜࣉࣝ㟁ᅽࡢẚ㍑ 
 
Inductor Current of Actual Circuit (A) 
Inductor Current of Simulation (A) 
50ȝs㸻20kHz 
1A 
Inductor Current of Actual Circuit (A) 
Inductor Current of Simulation (A) 
50ȝs㸻20kHz 
1A 
1V㻌
         Output Voltage of Actual Circuit (V)
            Output Voltage of Simulation (V) re2=300mȍ 
50ȝsec 
102 
 
 FPGA ᐇ⿦࡛ࡣ㠀ྠᮇ᪉ᘧ࡞ࡓࡵࠊPWM 㥑ື೵Ṇࡀྍ⬟࡛࠶ࡿࡇ࡜ࡼࡾࠊᅗ 5.29 ࡟
PWM㥑ື೵Ṇ≧ែ(ࣁ࢖ࢧ࢖ࢻ㸻OFFࠊ࣮ࣟࢧ࢖ࢻ㸻OFF)࠿ࡽ Dutyẚ=0.5ࢆฟຊࡋࡓ┤
ᚋࡢฟຊ㟁ᅽ㸦R2㟁ᅽ㸧ࡢࢫࢸࢵࣉᛂ⟅ࢆ♧ࡍࠋR1=1Ȑࡋࡓሙྜࡢࢩ࣑࣮ࣗࣞࢩࣙࣥἼᙧ
ࡣ❧ࡕୖࡀࡾ┤ᚋ࡟࠾࠸࡚ࡣࡣ୍⮴ࡋ࡚࠸ࡿࡀࠊᐇᅇ㊰ࡢἼᙧࡣࠊࡑࡢᚋ࡟೵⁫ࡍࡿࡼ࠺
࡞Ἴᙧ࡜࡞ࡗ࡚࠸ࡿࠋࡇࢀࡣࠊᐇᅇ㊰ࡣධຊ㟁※࡜ࡋ࡚ࢩ࣮ࣜࢬࣞࢠ࣮ࣗࣞࢱ᪉ᘧࡢᏳᐃ
໬㟁※ࢆ౑⏝ࡋ࡚࠸ࡿࡓࡵࠊᏳᐃ໬㟁※ෆࡢಖㆤᅇ㊰ࡢᙳ㡪࡜⪃࠼ࡽࢀࡿࠋ 
ࡑࡇ࡛ࠊධຊ㟁ᅽ※ࢆ㖄㟁ụ࡜ࡋࡓᐇ㦂⤖ᯝࢆᅗ 5.30 ࡟♧ࡍࠋࡇࡢᐇ㦂࡟࠾࠸࡚ࡣࠊ
R1=400 mȐࢆ౑⏝ࡋࡓࠋ㟁ụෆ㒊᢬ᢠ࠾ࡼࡧ㓄⥺ࡢ᥋ゐ᢬ᢠࡀ 400mȐ⛬ᗘ࡛࠶ࡿࡇ࡜ࡀ
᥎ᐃࡉࢀࡿࠋ 
 
  
ᅗ 5.29 Ᏻᐃ໬㟁※ࢆ⏝࠸ࡓ       ᅗ 5.30 㖄㟁ụࢆ⏝࠸ࡓ 
ࢫࢸࢵࣉᛂ⟅Ἴᙧ㸦R1=1Ȑ㸧        ࢫࢸࢵࣉᛂ⟅Ἴᙧ㸦R1=400mȐ㸧 
 
ᅗ 5.31ࡣ Dutyẚ=0.5࠿ࡽ PWM㥑ື೵Ṇ࡜ࡋࡓ࡜ࡁࡢ⤖ᯝ࡛࠶ࡿࠋࡇࡢሙྜࡣ࢔࢘ࢺ
ࣉࢵࢺࢥࣥࢹࣥࢧ C2࡜㈇Ⲵ᢬ᢠ Rࡢ CRᅇ㊰࡟ࡼࡿ᫬ᐃ 㸦ᩘ220E-6100=22msec㸧࡛ ῶ
⾶ࡍࡿ஦࡟࡞ࡿࡀࠊPWM㥑ື೵ṆࡢሙྜࡣFETࡢ࣎ࢹ࢕ࢲ࢖࣮࢜ࢻ࡟ࡼࡾධຊ㟁ᅽ㸦=12V㸧
௨ୗ࡟ࡣ㟁ᅽࡀୗࡀࡽ࡞࠸ࠋ 
᫬ᐃᩘࡢ༙ศࡢ᫬㛫㸦11msec㸧࡛ࡣ⌮ㄽⓗ࡟⣙ 60%ῶ⾶ࡍࡿࡣࡎ࡛࠶ࡿࡀࠊ11msec ⤒
㐣ᚋࡢ್ࢆぢࡿ࡜ 24Vࡢ 60%࡛࠶ࡿ 14.4V࡟㏆࠸್࡜࡞ࡗ࡚࠾ࡾࠊィ⟬ࡀጇᙜ࡛࠶ࡿࡇ࡜
ࡀࢃ࠿ࡿࠋ 
 
 
 
 
 
    Output Voltage of Actual Circuit (V) 
  Output Voltage of Simulation (V)  R1=400mȍ
   Output Voltage of Actual Circuit (V)
   Output Voltage of Simulation (V)  R1=0ȍ 
10m sec㻌 2m sec㻌
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ᅗ 5.30 PWM-OFF᫬ࡢῶ⾶ᛂ⟅Ἴᙧ㸦R1=0Ȑ㸧 
 
     Output Voltage of Actual Circuit (V)
        Output Voltage of Simulation (V) 
11m sec
2460%=14.4V㻌
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6❶  ࡲ࡜ࡵ
 
6.1. ⥲ᣓ
 ᮏㄽᩥࡣࠊ➨ 1 ❶࡟࠾࠸࡚ࠊࣇ࢕࣮ࢻࣂࢵࢡไᚚࢆ⾜࠺ไᚚࢯࣇࢺ࢙࢘࢔ࢆ㛤Ⓨࡍࡿ࡟
࠶ࡓࡾࠊࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡢά⏝ࡣ୙ྍḞ࡛࠶ࡿ஦ࢆㄝ᫂ࡋࠊࣃ࣮࢚࣡ࣞࢡࢺ
ࣟࢽࢡࢫࡢศ㔝࡟࠾࠸࡚ࡶࠊࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡢᑟධࡀᮇᚅࡉࢀࡿࡶࡢࡢࠊࣃ
࣮࢚࣡ࣞࢡࢺࣟࢽࢡࢫࡢศ㔝࡟࠾࠸࡚ࡣࠊไᚚ࿘ᮇࡀᶵᲔ⣔࡟ẚ࡭▷࠸ࡇ࡜࡟ࡼࡾࠊไᚚ
ࢯࣇࢺ࢙࢘࢔ࢆ౑⏝ࡍࡿࢹࢪࢱࣝไᚚࡢᬑཬࡀ㐜ࢀ࡚࠸ࡿࢽ࣮ࢬࢧ࢖ࢻࠊ࠾ࡼࡧྠᵝࡢ⌮
⏤࡟ࡼࡾࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡢᵓ⠏ࡀᅔ㞴࡛࠶ࡿࢩ࣮ࢬࢧ࢖ࢻࡢ୧᪉࠿ࡽࠊࣜ࢔
ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡢᑟධࡀ㐜ࢀ࡚࠸ࡿࡇ࡜ࢆ♧ࡋࡓࠋ 
 ࡲࡓࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱᵓ⠏ࡢࡓࡵࡢᢏ⾡せ⣲ࡣࠊไᚚࢯࣇࢺ࢙࢘࢔㛤Ⓨࡢᵝࠎ
࡞ศ㔝࡛⏝࠸ࡽࢀ࡚࠾ࡾࠊࡑࢀࡽࡣMBD(Model-Based Design㸭ࣔࢹ࣮ࣝ࣋ࢫ㛤Ⓨ)࡜࿧ࡤ
ࢀࡿ㛤Ⓨᡭἲ࡜ࡋ࡚య⣔໬ࡉࢀ࡚࠸ࡿࠋ⮬ື㌴ࡸ⯟✵࡞࡝ࡢศ㔝࡛ࡣMBDࡣไᚚࢯࣇࢺ࢘
࢙࢔㛤Ⓨࡢຠ⋡໬࡟኱ࡁࡃ㈉⊩ࡋ࡚࠸ࡿࡀࠊࣃ࣮࢚࣡ࣞࢡࢺࣟࢽࢡࢫࡢศ㔝࡟࠾࠸࡚ࡣࠊ
MBDࡢ᰿ᖿࢆ࡞ࡍࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡀୖグࡢ⌮⏤࡟ࡼࡾ㛤Ⓨࡀ㐜ࢀ࡚࠾ࡾࠊࡇ
ࡢࡇ࡜ࡀMBDࡢᑟධࢆጉࡆࡿせᅉ࡜࡞ࡗ࡚࠸ࡿࠋ 
ࡋ࠿ࡋ࡞ࡀࡽࠊᮏ◊✲ࡀࠊィ⟬࢔ࣝࢦࣜࢬ࣒ࡢᨵၿ࡟ࡼࡾࠊ୪ิࣉࣟࢭࢵࢧ➼ࡢ㧗౯࡞
ࣁ࣮ࢻ࢙࢘࢔ࢆ⏝࠸ࡿࡇ࡜࡞ࡃࠊ20kHz ࡢࢫ࢖ࢵࢳࣥࢢ࿘ᮇ࡟ᑐᛂࡍࡿࣜ࢔ࣝࢱ࢖࣒࣭ࢩ
࣑࣮ࣗࣞࢱࡢᵓ⠏ࡀྍ⬟࡛࠶ࡿࡇ࡜ࢆ᫂ࡽ࠿࡟ࡋࡓ஦ࡼࡾࠊࣃ࣮࢚࣡ࣞࢡࢺࣟࢽࢡࢫࡢศ
㔝࡟࠾࠸࡚ࡶࠊMBDࡢᑟධࡀ࡞ࡉࢀ࡚࠸ࡃࡶࡢ࡜ᮇᚅࡉࢀࡿࠋ 
 ➨ 2 ❶࡟࠾࠸࡚ࡣࠊࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡢᐇ⌧ᡭẁ࡜ࡋ࡚ࢹࢪࢱࣝࢥࣥࣆ࣮ࣗ
ࢱࢆ౑⏝ࡋࡓሙྜ࡟ᚲせ୙ྍḞ࡛࠶ࡿᖖᚤศ᪉⛬ᘧࡢᩘ್ゎἲ࡟ࡘ࠸࡚ࠊ௦⾲ⓗ࡞ᡭἲࢆ
ᴫほࡋࠊ⢭ᗘ࡜ᩘ್Ᏻᐃᛶ࡟ࡘ࠸᳨࡚ウࢆ⾜ࡗࡓࠋ 
 ➨ 3 ❶࡟࠾࠸࡚ࡣࠊࣃ࣮࢚࣡ࣞࢡࢺࣟࣥࢽࢡࢫ࡟࠾࠸࡚ࢩ࣑࣮ࣗࣞࢱࡀᶍᨃࡍࡿᑐ㇟ࠊ
ࡍ࡞ࢃࡕࢫ࢖ࢵࢳࣥࢢᅇ㊰ࢆᖖᚤศ᪉⛬ᘧ࡟ኚ᥮ࡍࡿᐃᘧ໬ᡭἲ࡟ࡘ࠸࡚ࠊ௦⾲ⓗ࡞ࠊ⠇
Ⅼゎᯒἲࠊಟṇ⠇Ⅼゎᯒἲࠊࢫࣃ࣮ࢫࢱࣈ࣮ࣟἲࠊ࢝ࢵࢺࢭࢵࢺゎᯒ࡟ࡼࡿ≧ែ᪉⛬ᘧἲ
࡟ࡘ࠸᳨࡚ウࢆ⾜࠸ࠊྠ୍ࡢࢧࣥࣉࣝᅇ㊰ࡀ࡝ࡢࡼ࠺࡞᪉⛬ᘧ࡟ኚ᥮ࡉࢀࢀࡿ࠿ࢆ♧ࡋࠊ
ྛᡭἲࡢᚓኻࢆ᳨ウࡋࡓࠋ 
 ➨ 4 ❶࡟࠾࠸࡚ࡣࠊࢫ࢖ࢵࢳࣥࢢᅇ㊰ࡢィ⟬࡟࠾࠸࡚ࠊࢫ࢖ࢵࢳືసⓎ⏕᫬้ࡢᢅ࠸ࡀ
㠀ᖖ࡟㔜せ࡛࠶ࡿࡇ࡜ࢆ᫂ࡽ࠿࡟ࡋࠊᅛᐃࢫࢸࢵࣉἲࠊ≧ែᖹᆒ໬ἲࠊ㒊ศⓗྍኚࢫࢸࢵ
ࣉἲࠊࡑࡋ࡚⿵㛫㸭እᤄἲࢆ᳨ウࡋࠊ㒊ศⓗྍኚࢫࢸࢵࣉἲࡀ᭱㐺࡛࠶ࡿࡇ࡜ࢆ♧ࡋࡓࠋ 
 ࡑࡢ⤖ᯝࠊ㒊ศⓗྍኚࢫࢸࢵࣉἲࢆ᥇⏝ࡍࡿ࡟ࡣࠊ㐃⥆⣔ࡢ≧ែ᪉⛬ᘧࢆ⏝࠸࡞ࡅࢀࡤ
࡞ࡽࡎࠊ≧ែ᪉⛬ᘧࡢᩘ್ゎἲࡘ࠸࡚ࡣ͆ࠊ ᖖ㆑ⓗ࡞ࢥࣥࣂ࣮ࢱᅇ㊰͆ࡢࢩ࣑࣮ࣗࣞࢩࣙࣥ
ࢆ⾜࠺ࡢ࡛࠶ࢀࡤ ͇ࠊ1࡞࠸ࡋ 2ḟࡢ Runge-Kuttaἲ࡟࠾࠸࡚ᩘ್Ᏻᐃᛶࢆ☜ಖ࡛ࡁࠊᚑ᮶
࠿ࡽࡢᅇ㊰ィ⟬࡟ࡣ㝜ゎἲࡀᚲせ࡜ࡢᖖ㆑ࢆそࡋࠊ㝧ゎἲ࡟ࡼࡿ㧗㏿࡞ィ⟬ࡀྍ⬟࡛࠶ࡿ
105 
 
ࡇ࡜ࢆ᫂ࡽ࠿࡟ࡋࡓࠋ 
 ࡍ࡞ࢃࡕࠊࡇࢀࡀᮏ◊✲ࡢ⤖ㄽ࡛࠶ࡿࠋ 
  
 ➨ 5❶࡟࠾࠸ࡣ࡚ࠊୖグ⤌ࡳྜࢃࡏࢆ౑⏝ࡍࡿ஦࡛ࠊ1GHzࡢ PowerPCࣉࣟࢭࢵࢧࢆ౑
⏝ࡋࡓሙྜ࡟࠾࠸࡚ィ⟬ࢫࢸࢵࣉᖜ 3.5ȣsecࢆ㐩ᡂ࡛ࡁࡿࡇ࡜ࢆ♧ࡋࡓࠋࡇࡢ್ࡣ 20kHz
ࡢࢫ࢖ࢵࢳࣥࢢ࿘Ἴᩘ࡟ᑐࡍࡿ᭱㏿ไᚚ࿘ᮇ࡛࠶ࡿ 50ȣsec࡟ᑐࡋ࡚⣙ 1/14࡛࠶ࡾࠊ 
ࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱ࡜ࡋ࡚‶㊊࡛ࡁࡿ್࡛࠶ࡿࠋ 
 ࡲࡓࠊFPGA ࡛ᐇ⿦ࡋ࠺ࡿࡇ࡜ࢆ♧ࡋࠊࡑࡢሙྜࡣࠊDuty ẚࡢศゎ⬟ࢆ 0.1%(1/1000)
࡜ࡍࡿ࡞ࡽࡤࠊFPGA ࡢࢡࣟࢵࢡ࿘Ἴᩘࡢ 1/1000 ಸࡢࢫ࢖ࢵࢳࣥࢢ࿘Ἴᩘ㸦100MHz ࡢ
FPGA࡛࠶ࢀࡤ 100kHz㸧࡟ᑐᛂ࡛ࡁࡿࡇ࡜ࢆ♧ࡋࡓࠋ 
  
6.2. ṧࡉࢀࡓㄢ㢟
 
 㒊ศⓗྍኚࢫࢸࢵࣉἲࢆ⏝࠸ࠊ≧ែ᪉⛬ᘧࡢィ⟬ࢆࠊ㝧ⓗ Runge-Kuttaἲ࡛⾜࠺஦࡟ࡼ
ࡾࠊ⢭ᗘࡢ㧗࠸ィ⟬ࢆ㧗㏿࡛⾜࠺஦ࡀྍ⬟࡜࡞ࡾࠊࢫ࢖ࢵࢳᅇ㊰ࡢࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑ࣗ
࣮ࣞࢱ࡟㐺⏝ྍ⬟࡛࠶ࡿࡇ࡜ࡀᮏ◊✲ࡢ⤖ㄽ࡛࠶ࡿࡀࠊ20kHz ࡢࢫ࢖ࢵࢳࣥࢢ࿘Ἴᩘ࡛ࡢ
͆ᖖ㆑ⓗ࡞ࢥࣥࣂ࣮ࢱᅇ㊰͇࡜࠸࠺ణࡋ᭩ࡁࡀᚲせ࡛࠶ࡿࠋ 
 ࡇࡢไ⣙ࢆእࡋࡓሙྜࠊ࠶ࡿ࠸ࡣࠊࢲ࢖࣮࢜ࢻࢆ౑⏝ࡋࡓࢥࣥࣂ࣮ࢱ࡞࡝࡛㟁ὶ୙㐃⥆
࣮ࣔࢻࡀⓎ⏕ࡋࡓሙྜࡣࠊࡇࡢ⤖ㄽࡣᡂ❧ࡋ࡞࠸ࠋ 
 ࡇࡢⅬࡀࠊ௒ᚋ࡟ゎỴࡍ࡭ࡁㄢ㢟࡛࠶ࡿࡀࠊSemi-Implicitἲ࡜࿧ࡤࢀࡿࠊ㝜ゎἲ࡟ᑐࡋ
㏆ఝᘧࢆ㐺⏝ࡋ㝧ゎἲ࡟ኚ᥮ࡍࡿᡭἲࢆ㐺⏝ࡍࡿ஦ࡀ⪃࠼ࡽࢀࡿࠋࡇࡢሙྜࠊィ⟬ᘧ࡟㏆
ఝᘧࡀྵࡲࢀࡿࡓࡵࠊィ⟬⢭ᗘࡀⴠࡕࡿࡇ࡜࡟࡞ࡿࠋࡍ࡞ࢃࡕࠊ㧗࿘Ἴࡢ Stiffᴟࢆప࿘Ἴ
࡟⛣ືࡉࡏࠊィ⟬Ᏻᐃᛶࢆ☜ಖࡍࡿ஦࡟㉳ᅉࡍࡿ㧗࿘Ἴᛂ⟅ࡢᝏ໬ࡀ㉳ࡁࡿࡀࠊᮏㄽᩥ࡛
ᙉㄪࡋ࡚࠸ࡿࡼ࠺࡟ࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡣࠊไᚚࢯࣇࢺ࢙࢘࢔ࡢ㛤Ⓨࢶ࣮࡛ࣝ࠶
ࡾࠊᅇ㊰ゎᯒ⏝ࡢࢶ࣮࡛ࣝࡣ࡞࠸ࠋᚑࡗ࡚ࠊไᚚࢯࣇࢺ࢙࢘࢔ࡀᑐ㇟࡜ࡋ࡞࠸ࠊ㧗࿘Ἴࡢ
ᛂ⟅ࡣ↓どࡋ࡚ࡶࡼ࠸࡜⪃࠼ࡿࠋࡇࡢ Semi-Implicitἲࡢ㐺⏝ࢆḟࡢࢫࢸࢵࣉ࡛⾜ࡗ࡚࠸ࡁ
ࡓ࠸ࠋ 
 ࡲࡓࠊ⌧᫬Ⅼ࡛ࡣ≧ែ᪉⛬ᘧࡢᵓ⠏࡛ࡣࠊᡭసᴗ࡟ࡼࡿᶆ‽ᮌࡢ㑅ᐃࢆᚲせ࡜ࡋ࡚࠸ࡿ
ࡀࠊࡇࢀࢆ⮬ື໬ࡍࡿࢯࣇࢺ࢙࢘࢔ࡢ㛤Ⓨࡶᚲせ࡛࠶ࡿࠋ 
 
6.3. ᭱ᮇ࡟
 
 ᮏ◊✲ࡢ⫼ᬒ࡟ࡣࠊࣃ࣮࢚࣡ࣞࢡࢺࣟࢽࢡࢫศ㔝࡬ࡢMBD㐺⏝ࢆᅗࡿࡓࡵ࡟ࠊࡑࡢ᰿ᖿ
࡛࠶ࡿ HILࠊࡍ࡞ࢃࡕࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢱࡀᚲせ࡜ࡉࢀ࡚࠸ࡿ஦ࡀ࠶ࡿࠋMBD࡟
࠾࠸࡚ࡣࠊᵝࠎ࡞ࢶ࣮ࣝ࣋ࣥࢲࡀࠊ᭷ࡾవࡿᶵ⬟ࢆᣢࡘ㛤Ⓨࢶ࣮ࣝࢆᥦ౪ࡋ࡚࠾ࡾࠊࡇࢀ
ࢆ฼⏝ࡍࢀࡤ୍ኪ࡟ࡋ࡚ไᚚࢯࣇࢺ࢙࢘࢔ࡀ᏶ᡂࡍࡿᵝ࡞༳㇟ࢆ୚࠼࡚࠸ࡿࡀࠊ 
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ࡋ࠿ࡋࠊࣔࢹࣝ࡜ࡣఱ࠿㸽 
ࡑࢀࡣᩘᏛࣔࢹ࡛ࣝ࠶ࡿࠋࡍ࡞ࢃࡕᮏㄽᩥ࡟グ㍕ࡉࢀࡓᩘࠎࡢᩘᘧࡇࡑࡀࣔࢹ࡛ࣝ࠶ࡾࠊ
ࡇࢀࡢ⌮ゎ࡞ࡃࡋ࡚ࡣࠊModel-Based࡛ࡣ࡞࠸ࡇ࡜ࢆࠊ᭱ᚋ࡟௜ࡅຍ࠼࡚࠾ࡁࡓ࠸ࠋ 
 
 
ㅰ㎡
ᮏ◊✲࡜ㄽᩥࡢᇳ➹࡟࠶ࡓࡾࠊࡈᣦᑟ࠸ࡓࡔࡁࡲࡋࡓᓫᇛ኱Ꮫ࢚ࢿࣝࢠ࣮࢚ࣞࢡࢺࣟࢽ
ࢡࢫ◊✲ᡤࡢ୰ཎṇಇᩍᤵࠊ࠾ࡼࡧ FPGA ࣉࣟࢢ࣑ࣛࣥࢢୖࡢᵝࠎ࡞㞴ゎ࡞ၥ㢟ࡢゎỴ࡜
ㄽᩥࡢᰯṇ࡟ᑾຊ࠸ࡓࡔ࠸ࡓ dSPACE Japan(ᰴ)ࡢⓙᵝ࡟῝ࡃ࠾♩⏦ࡋୖࡆࡲࡍࠋ 
 
 
ཧ⪃ᩥ⊩
 
 
➨ 1❶ 
[1] Stuart Bennettⴭ ྂ⏣຾ஂ, ᒣ໭ ᫀẎ ┘ヂ ͆ไᚚᕤᏛࡢṔྐ͇ࢥࣟࢼ♫ 1998/08 
[2] The Math Work,͆Fly Me to the Moon-Then and Now  ͇  MATLAB newsletter/summer 1999 
http://www.mathworks.co.jp/company/newsletters/news_notes/sum99/lunar_module.html 
[3] ࢫࢬ࢟ओ “Virtual Vehicle Test Drivers”, dSPACE Magazine3/2010 
[4] ᪥ᮏࢸ࢟ࢧࢫ࣭࢖ࣥࢫࢶ࣓ࣝࣥࢶओ ͆୰⣭⪅ࡢࡓࡵࡢ㟁※タィࢭ࣑ࢼ࣮ࢸ࢟ࢫࢺ͇ 
2011 ver.2,͇ Sep. 2011. 
[5]  W.Nagel, ͆SPICE2: A Computer Program to Simulate Semiconductor Circuits,  ͇ University of 
California, Berkeley Technical Report No. UCB/ERL M520 1975. 
[6] H.W. Dommel EMTP Theory Book.2nd edition.Vancouver,British Columbia:Microtran Power 
System Analysis Corporation,1992 
[7] J. R. Marti and J. Lin, “Numerical Oscillations in EMTP-Like Programs,” IEEE Trans. Power 
Syst., vol. 4, no. 2, pp. 739–747, May 1989 
[8] J. R. Marti and J. Lin, “Suppression of numerical oscillations in the EMTP,” IEEE Trans. Power 
Syst., vol. 4, no. 2, pp. 739–747, May 1989 
[9] M.Hamouda, F.Fnaiech,K.AL-Haddad.” DSP based real-time simulation of Dual-Bridge Matrix 
Converters,” Industrial Electronics, 2007,ISIE 2007,IEEE International Symposium. 
[10] T. Larsson, J. Hasler, P. Forsyth, and T. Maguire, “Voltage source converter modeled in 
RTDS—experiences and comparison with field results,” presented at the IPST, Lyon, France, 
Jun. 2007. 
[11] C. Dufour,V. Jalili-Marandi,, J.Bélanger, L.Snider “Power system simulation algorithms for 
107 
 
parallel computer architectures,”  Proceedings of the 2012 PES General Meeting San Diego, 
USA, July 22-26, 2012.  
[12] C.Dufour, T.O. Bachir, L. Grégoire, J.Bélanger “Solvers for Real-Time Simulation of Bipolar 
Thyristor-Based HVDC and 180-cell HVDC Modular Multilevel Converter for System,” 
Dynamics and Control of Switched Electronic Systems Advances in Industrial Control2012, pp 
451-487 
[13] G.G.Parama,V.Dinavahi, ”Real-Time Digital Hardware Simulation of Power Electronics and 
Drives,” Power Delivery, IEEE Transactions on  (Volume:22 ,  Issue: 2 ) 2007. 
[14] M. Matar, R. Iravani “FPGA Implementation of the Power Electronic Converter Model for 
Real-Time Simulation of Electromagnetic Transients,” IEEE Trans. Power Deliver, vol. 25, 
No.2. Apr. 2010. 
[15] H.F. Blanchette, T. Ould-Bachir, J. P. David, “A State-Space Modeling Approach for the 
FPGA-Based Real-Time Simulation of High Switching Frequency Power Converters,” IEEE 
Trans. Industrial Electronics Vol. 59, No. 12, Dec 2012 
[16]͆IEEE Control Systems Magazine June2005͇ 
[17] A. Gole, A. Keri, C. Kwankpa, E. Gunther, H. Dommel, I. Hassan,J. Marti, J. Martinez, K. 
Fehrle, L. Tang, M. McGranaghan, O. Nayak,P. Ribeiro, R. Iravani, and R. Lasseter, 
“Guidelines for modeling power electronics in electric power engineering applications,” IEEE 
Trans. Power Del., vol. 12, no. 1, pp. 505.514, Jan. 1997. 
[18]  dSPACE Japan ┘ಟ ͆ࣔࢹ࣮ࣝ࣋ࢫ㛤Ⓨ㸫ࣔࢹࣜࣥࢢࠊࣉࣛࣥࢺ࣭ࣔࢹࣝࠊࢥࣥࢺ
࣮࣭ࣟࣝࣔࢹࣝ㸫͆  ᪥⤒ BP♫ 
[19] ᇛᡤ ோ ͆ࣔࢹࣝ࠿ࡽࣉࣟࢢ࣒࣭ࣛࢥ࣮ࢻࢆసࡿ͇࢖ࣥࢱ࣮ࣇ࢙࣮ࢫ 2000ᖺ 10᭶ྕ
CQฟ∧ 
[20] M.Rappl,P.Braun,M.Beeck,C.Schroder,” Automotive Software Development: A Model Based 
Approach,” SAE 2002-01-0875  
[21] H.Kidokoro, M.Nakahara “Application of Model-Based Design in Development of Micro-Grid 
System,”  Proceeding INTELEC2011 Amsterdam 
[22] H.Kidokoro, M.Nakahara “New Development Method of Control Software for Smart Energy 
Applications dealing with Multi Sample Rate Controller,” Proceeding ICRERA 2012 P99  
November/2012 9 Nagasaki 
 
➨ 2❶ 
[23] 80࢔ࢵࢩ࣮ࣕ㸪/5࣌ࢶ࢛ࣝࢻ ඹⴭ㸪୰ᮧ ┾⌮㞝 ┘ヂ ჆ᮧ཭స࣭ ୕ࢶ㛫 ᆒ
ඹヂ ᖖᚤศ᪉⛬ᘧ࡜ᚤศ᪉⛬ᘧࡢᩘ್ゎἲ ᇵ㢼㤋㸪
[24] (ࣁ࢖࣮ࣛ*ࣦ࢓ࣥࢼ࣮ ୕஭ ᩩ཭ ┘ヂᖖᚤศ᪉⛬ᘧࡢᩘ್ゎἲ Ϩࢩࣗ
ࣉ࣮࣭ࣜࣥ࢞ࢪࣕࣃࣥ
108 
 
[25](ࣁ࢖࣮ࣛ*ࣦ࢓ࣥࢼ࣮ ୕஭ ᩩ཭ ┘ヂ, ᖖᚤศ᪉⛬ᘧࡢᩘ್ゎἲ ϩ, ࢩࣗ
ࣉ࣮࣭ࣜࣥ࢞ࢪࣕࣃࣥ, 2008.
[26] ୕஭ ᩩ཭ ⴭ, ͆ᖖᚤศ᪉⛬ᘧࡢᩘ್ゎἲ͇,  ᒾἼ᭩ᗑ, 2003. 
[27] ఀ⸨ ṇኵ ⸨㔝࿴ᘓ, ͆ᩘ್ィ⟬ࡢᖖ㆑͇,  ඹ❧ฟ∧, 1985. 
[28] ୕஭ ᩩ཭ ᑠ⸨ ಇᖾ ᩧ⸨ ၿᘯ, ͆ᚤศ᪉⛬ᘧ࡟ࡼࡿィ⟬⛉Ꮫධ㛛͇, 2004. 
[29] ⠛ཎ ⬟ᮦ, ͆ᩘ್ゎᯒࡢᇶ♏͇, ᪥᪂ฟ∧, 1978. 
[30]∵⏣ ᫂ኵ ⏣୰ ⾨ ⴭ͆ 㟁Ꮚᅇ㊰ࢩ࣑࣮ࣗࣞࢩࣙࣥ ͇⌧௦㠀⥺ᙧ⛉Ꮫࢩ࣮ࣜࢬ
ࢥࣟࢼ♫
[31] ᒣ ᮏ  ᫀ ᚿ  ࠕ ㅮ ⩏ ࣀ ࣮ ࢺ 㸸 ᖖ ᚤ ศ ᪉ ⛬ ᘧ ࡢ ᩘ ィ ⟬ ἲ ࠖ ್ ィ ⟬ ἲ
http://www.yamamo10.jp/yamamoto/lecture/2007/5E_comp_app/differential_equation/diff_eq_
html/index.html
 
➨ 3❶ 
[32] H.W.Dommel,“Digital computer solutions of electromagnetic transients in single and 
multiphase networks,” IEEE Trans. Power App.Syst., vol. PAS-88, no. 4, pp. 388.399, Apr. 
1969. 
[33] N. Watson and J. Arrilaga, Power Systems Electromagnetic Transients Simulation, A. Johns 
and D. Warne, Eds. London, U.K.: IET, 2003, IET Power and Energy Series 
[34]QDPLFKLQ ࣈࣟࢢ͆63,&( ࡟ࡼࡿ㟁Ꮚᅇ㊰ࢩ࣑࣮ࣗࣞࢩࣙࣥ㸭63,&( ࡢṔྐ͇
http://wave2.iobb.net/doc/spice/2.html 
[35]᪥ᮏ༙ᑟయṔྐ㤋http://www.shmj.or.jp/index.html
   㞟✚ᅇ㊰эࠕ ᖺ㸸63,&( ࡢ㛤Ⓨ⡿ᅜ 8QLYHUVLW\RI&DOLIRUQLD%HUNHOH\ࠖ
http://www.shmj.or.jp/museum2010/exhibi726.h 
[36] Stefan Jahn, “Qucs Technical Papers” 
     Qucs-Project http://qucs.sourceforge.net/docs/technical.pdf 
[37] S.Y.R.Hui,S.Morrall,”Generalised accosiateddiscrete circuit model for switching deviced,” IEE 
Proc.Sci.Meas,Technol.,Vol 141,No.1,January 1994. 
[38] ὸ஭ ⚽ᶞ Ώ㑓 ㈗அ ⴭ, 㟁Ꮚᅇ㊰ࢩ࣑࣮ࣗࣞࢩࣙࣥᢏἲ, ⛉Ꮫᢏ⾡ฟ∧ , 2002. 
[39] G.D>Hachtel,R.K.Brayton,F.G.Gustavson, “The Space Tableau Approach to Network Analysis 
and Design,”, IEEE Trans. Circuit Theory, vol. CT-18,No.1, pp.101-113, Jan.1971  
[40] ᕝୖ ༤ ͆㟁Ẽᅇ㊰ࡢ≧ែ᪉⛬ᘧ㸫⣔⤫ⓗ࡟ồࡵࡿ࡟ࡣ㸫͇1998 
ᚨᓥ኱Ꮫ ඛ➃ᢏ⾡⛉Ꮫᩍ⫱Ꮫ㒊 ࢩࢫࢸ࣒๰⏕ᕤᏛᑓᨷ  
ࢩࢫࢸ࣒ゎᯒ≉ LectoreNote 
http://cms.db.tokushima-u.ac.jp/DAV//lecture/125260/LectureNote/Circuit/CForm
ulation.pdf 
[41] A. L. Shenkman, Transient Analysis of Electric Power Circuits Handbook, Springer, 2005/11/7. 
[42] L. O. C. P.-M. Lin, Computer-Aided Analysis of Electronic Circuits: Algorithms and 
109 
 
Computational Techniques, series in electrical & computer engineering: Prentice-Hall, 
1975/June. 
[43] Venkatachari Rajagopalan,”Computer-Aided Analysis of Power Electronic Systems (Electrical 
and Computer Engineering),” MARCEL DEKKER,INC,New York,1987. 
 
➨ 4❶ 
[44] ཎ⏣ ⪔௓㸪஧ᐑ ಖ㸪㢳 ᩥᘓ ඹⴭ ࢫ࢖ࢵࢳࣥࢢࢥࣥࣂ࣮ࢱࡢᇶ♏ ࢥࣟࢼ♫㸪
1992. 
[45] ᇛᡤ ோ ୰ཎ ṇಇ ͆DC/DCࢥࣥࣂ࣮ࢱࡢࣜ࢔ࣝࢱ࢖࣒࣭ࢩ࣑࣮ࣗࣞࢩࣙࣥࢆᐇ
⌧ࡍࡿ㝧ゎἲ࡟ᇶ࡙ࡃ㧗㏿ィ⟬ᡭἲ͇㟁Ꮚ᝟ሗ㏻ಙᏛ఍ㄽᩥㄅ B Vol.J97-B, No.6, 
Jun. 2014. 
[46] ᇛᡤ ோ ୰ཎ ṇಇ ͆FPGAࢆ⏝࠸ࡓࢫ࢖ࢵࢳࣥࢢࢥࣥࣂ࣮ࢱࡢࣜ࢔ࣝࢱ࢖࣒࣭ࢩ
࣑࣮ࣗࣞࢩ͇ࣙࣥ 㟁Ꮚ᝟ሗ㏻ಙᏛ఍ ಙᏛᢏሗ, vol. 113, no. 444, EE2013-55, pp. 37-42, 
2014ᖺ 2᭶ 
[47] Q. Do, B. DeKelper, L. Dessaint, and J. Soumagne, ͆An algorithm for accurate switching 
representation in fixed-step simulation of power electronics,” IEEE Power Engineering Society 
Winter Meeting, vol. 1, pp. 762 –767, 2000. 
[48] K. Strunz, X. Lombard, O. Huet, J. Marti, L. Linares, and H. Dommel,͆Real
nodal-analysis-based solution techniques for simulations of Electromagnetic Transients in 
Power Electronic Systems,” 13th PSCC, pp. 1047-1053, June28-July 2, 1999. 
[49] K. Lian and P. Lehn, “Real-time simulation of voltage source converters based on time average 
method,” IEEE Trans. Power Syst.,  vol. 20,  no. 1,  pp.110 -118 2005 
[50] V. Dinavahi, M. Iravani, and R. Bonert, “Real time digital simulation of power electronic 
apparatus interfaced with digital controllers” IEEE transactions on Power Deliver, vol. 16, no. 4, 
October, 2001.  
[51] G. Rill. “A modified implicit EULER algorithm for solving vehicle dynamic equations͆. 
Multibody System Dynamics, 15(2):1–24, 2006.  
 
➨ 5❶ 
[52] ᪥⤒࢚ࣞࢡࢺࣟࢽࢡࢫ͆ࢹࢪࢱࣝ㟁※᫬௦࡟ࡇࡑᏛࡧࡓ࠸㟁※ไᚚ⌮ㄽ͇ࢸ࢟ࢫࢺ
NE࢔࢝ࢹ࣑࣮ 2012 
[53] dSPACE gmbH “DS1103Features.pdf”  
[54] dSPACE gmbH “DS1103RTI.pdf” 
[55] dSPACE gmbH “RTIFPGAProgrammingGuide.pdf” 
 
 
110 
 
ῧ௜㈨ᩱ
ࣜࢫࢺ 1 ⠇Ⅼゎᯒἲ࡛ࢧࣥࣉࣝ RLCᅇ㊰ࢆィ⟬ࡍࡿm-Script 
ࣜࢫࢺ 2 ಟṇ⠇Ⅼゎᯒἲ࡛ࢧࣥࣉࣝ RLCᅇ㊰ࢆィ⟬ࡍࡿm-Script 
ࣜࢫࢺ 3 ࢫࣃ࣮ࢫࢱࣈ࣮ࣟἲ࡛ࢧࣥࣉࣝ RLCᅇ㊰ࢆィ⟬ࡍࡿm-Script 
ࣜࢫࢺ 4 ࢝ࢵࢺࢭࢵࢺゎᯒ࡛ᐇ⿦ࡋࡓࣁ࣮ࣇࣈࣜࢵࢪᅇ㊰ࢆィ⟬ࡍࡿm-Script 
ࣜࢫࢺ 5 Adams-BashforthἲࡢᏳᐃ㡿ᇦࢆࣉࣟࢵࢺࡍࡿm-Script 
ࣜࢫࢺ 6  Adams-MoultonἲࡢᏳᐃ㡿ᇦࢆࣉࣟࢵࢺࡍࡿm-Script 
ࣜࢫࢺ 7 Backward Differentiation formulaἲࡢᏳᐃ㡿ᇦࢆࣉࣟࢵࢺࡍࡿm-Script 
ཧ⪃ᅗ㸸 4ḟࡢ Runge-KuttaἲࡢᏳᐃ㡿ᇦࢆィ⟬ࡍࡿ Simulinkࣔࢹࣝ 
 
傍%
傍傍兎儝儬凣%
%
% ----------------------------------------------------------------- 
傍⠇Ⅼゎᯒἲ働儙兗儻兏 ᅇ㊰僔᪉⛬ᘧ僸ᵓ⠏傿僱% LRCL
%   
%   +---R--n1--L--n2+       n1:Node-1
%   V               C       n2:Node-2
%   +---------------+
ᇛᡤ傍ோ傍傍 傍%                                2014/Jan
%-----------------------------------------------------------------
L=10E-3
C=1E-3
R=1;
V1=10;
Is=V1/R
h=1E-3;
Ts=h;
Cycle =100;
INTEGRAL='BE'
if strcmp(INTEGRAL,'TR')
  GL=h/L/2; %Trapezoidal
  GC=2*C/h;
else
  GL=h/L; 
  GC=C/h;   %BackwordEuler
end
  
Y= [  (1/R+GL)   -GL;
       -GL    (GC+GL)]
Vout  = zeros(2,Cycle);
Tout  = zeros(1,Cycle);
  v = [0  0]';
  I = [Is 0]';
  Icn  = 0;
  Iln  = 0;
  Vold = [0 0]';
  Tout(1,1)=0;
  for i=1:Cycle
     Vout(:,i)=v;  
     Tout(1,i+1)=i*h;
     v=Y\I; 
     
     if strcmp(INTEGRAL,'TR') % ----- Trapezoidal -------------------
   
         Icn  = GC*(v(2) - Vold(2))  -  Icn;   
         Iln  = GL*((v(1)-v(2)) + (Vold(1) - Vold(2)) ) +Iln; 
       
         IeqC  = - GC*v(2) - Icn;    
         IeqL  =   GL*(v(1)-v(2)) + Iln ;  
         
     else  %  --------------------  BackwordEuler -------------------
         
         Icn  = GC*(v(2) - Vold(2));                           
         Iln  = GL*(v(1)-v(2)) +Iln;                           
    
         IeqC  = - GC*v(2) ;       
         IeqL  =   Iln ;
         
     end  % ---------------------------------------------------------
   
     I(1) =  Is -IeqL;
     I(2) =  IeqL - IeqC ; 
     Vold = v;
  end
    
hold on
plot(Vout(1,:),'b' );  㟁ᅽ% Node-1 
plot(Vout(2,:),'g' );  㟁ᅽ% Node-2 
᥋Ⅼゎᯒἲ働僕傍儈兗儤儓儣㟁ὶ僕┤᥋ィ⟬働傳僐傪% 
傍%
傍傍兎儝儬凤%
%
% ----------------------------------------------------------------- 
傍ಟṇ⠇Ⅼゎᯒἲ働儙兗儻兏 ᅇ㊰僔᪉⛬ᘧ僸ᵓ⠏傿僱% LRCL
%   
傍傍%   +---R--n1--L--n2+  n1:Node-1
%   V               C      n2:Node-1
%   +---------------+
ᇛᡤ傍ோ傍傍 傍%                                2014/Jan
%-----------------------------------------------------------------
L=10E-3
C=1E-3
R=1;
G=1/R
V1=10;
Is=V1/R
h=1E-3;
Ts=h;
Cycle =100;
INTEGRAL='BE'
if strcmp(INTEGRAL,'TR')
  GL=h/L/2; %Trapezoidal
  GC=2*C/h;
else
  GL=h/L; 
  GC=C/h;   %BackwordEuler
end
  
% ======= Modified Nodal Analysis  QUCS type  ===========================
reqL =1/GL;
Y =[G -G  0   0    1;
   -G  G  0   1    0;
    0  0 GC  -1    0;
    0  1 -1 -reqL  0;
    1  0  0   0    0];
I = [ 0 0 0 0   V1]';
Vout2 =zeros(5,Cycle);
Tout2 =zeros(1,Cycle);
v    = [0 0 0 0 0]';
Vold = [0 0 0 0 0]';
Vln  = 0;
Icn  = 0;
for i=1:Cycle
   Vout2(:,i)=v;
   Tout2(1,i+1)=i*h;
   v=Y\I;
   
   if strcmp(INTEGRAL,'TR') % ----- Trapezoidal -------------------
   
         Icn  = GC*(v(3) - Vold(3))  -  Icn;   
         Vln  =  reqL*(v(4) - Vold(4) ) - Vln;
       
         IeqC  = - GC*v(3) - Icn;    
         IeqL  =   GL*(v(1)-v(2)) + Iln ;  
         VeqL  =   -reqL*v(4) - Vln;      
   else  %  --------------------  BackwordEuler -------------------
         
         IeqC  = - GC*v(3) ;       
         VeqL  =   -reqL*v(4) ; % v(4)=IL
   end  % ---------------------------------------------------------
   I(3)= -IeqC;
   I(4)=  VeqL; 
   Vold=  v;
end
hold on
plot(Vout2(2,:)+0.1,'g' );   㟁ᅽ% Node-1
plot(Vout2(3,:)+0.1,'b' );   㟁ᅽ% Node-2
plot(Vout2(4,:)+0.1,'k' );   儈兗儤儓儣㟁ὶ% 
% ======= Modified Nodal Analysis  Asahara type  ===========================
Y =[G -G    0     0    1;
   -G  G    0     1    0;
    0  0   GC   (-1)   0;
    0  GL (-GL) (-1)   0;
   -1  0    0     0    0];
I = [ 0 0 0  0  -V1]';
Vout3 =zeros(5,Cycle);
Tout3 =zeros(1,Cycle);
v    = [0 0 0 0 0]';
Vold = [0 0 0 0 0]';
Vln  = 0;
Icn  = 0;
for i=1:Cycle
   Vout3(:,i)=v;
   Tout3(1,i+1)=i*h;
   v=Y\I;
   
   if strcmp(INTEGRAL,'TR') % ----- Trapezoidal -------------------
   
         Icn  = GC*(v(3) - Vold(3))  -  Icn;   
       
         IeqC  = - GC*v(3) - Icn;    
         IeqL  =   GL*(v(2)-v(3)) + v(4) ;  % v(4)=iL(n)
         
   else  %  --------------------  BackwordEuler -------------------
         
         IeqC  = - GC*v(3) ;       
         IeqL  =   v(4);% v(4);  % v(4)=iL(n)
   end  % ---------------------------------------------------------
   I(3)= -IeqC;
   I(4)= -IeqL; 
   Vold=  v;
end
plot(Vout3(2,:)-0.1,'r', 'LineWidth',2); 㟁ᅽ% Node-1
plot(Vout3(3,:)-0.1,'m', 'LineWidth',2); 㟁ᅽ% Node-2
plot(Vout3(4,:)-0.1,'c' ,'LineWidth',2); 儈兗儤儓儣㟁ὶ% 
hold off
傍%
傍傍兎儝儬凥%
%
% ----------------------------------------------------------------- 
傍儝儵兠儝儣儺兑兠ἲ働儙兗儻兏 ᅇ㊰僔᪉⛬ᘧ僸ᵓ⠏傿僱% LRCL
%   
%   +----R----L----+ 
%   V              C
%   +--------------+
ᇛᡤ傍ோ傍傍 傍%                                2014/Jan
%-----------------------------------------------------------------
L=10E-3
C=1E-3
R=1;
G=1/R
V1=10;
Is=V1/R
h=1E-3;
Ts=h;
Cycle =100;
INTEGRAL='BE'
if strcmp(INTEGRAL,'TR')
  GL=h/L/2; %Trapezoidal
  GC=2*C/h;
else
  GL=h/L; 
  GC=C/h;   %BackwordEuler
end
  
% ======= Sparse Tableau  ===========================
reqL =1/GL;
D=[ 1   0  0  1;
   -1   1  0  0;
    0  -1  1  0]
Zr4  = zeros(4,4);
Zr3  = zeros(3,3);
R_consti  = eye(4,4);  兂儬兎儧儓儝僔ᮍ౑⏝儌児充兗儬僕% R/G 1
G_consti  = eye(4,4);  %
R_consti(1,1) = -R;      僔᢬ᢠ್% Node-1
R_consti(2,2) = -reqL;   僔᢬ᢠ್傍% Node-2  
G_consti(3,3) =   -GC;   僔儗兗儤儓儣兗儝್% Node-2
R_consti(4,4) = 0;     僕㟁ᅽ※% Node-4
G_consti(4,4) = 1;     僕㟁ᅽ※% Node-4
Tbr=[zeros(3,3)       D         zeros(3,4);
       D'         zeros(4,4)   -1*eye(4,4);
     zeros(4,3)    R_consti     G_consti]
Cst=[0 0 0 ,0 0 0 0,0 0 0 V1]';
v  = zeros(11,1);
Vout4 =zeros(11,Cycle);
Tout4 =zeros(1,Cycle);
Tou4t(1,1)=0;
for i=1:Cycle
   Vout4(:,i)=v;
   Tout4(1,i+1)=i*h;
   v=Tbr\Cst;
   
   if strcmp(INTEGRAL,'TR') % ----- Trapezoidal -------------------
   
         IeqC  = -GC*v(10)  - v(6);  % v(10)=VB3  v(6)=i3   
         VeqL  = -reqL*v(5) - v(9);  % v(5) =i2   v(9)=VB2 
         
   else  %  --------------------  BackwordEuler -------------------
         
         IeqC  = - GC*v(10);  % v(10)=VB3    
         VeqL  = -reqL*v(5);  % v(5)=i2
   end  % ---------------------------------------------------------
   Cst(9) = VeqL;
   Cst(10)= IeqC; 
   Vold=  v;
end
hold on
plot(Vout4(2,:)-0.1,'b', 'LineWidth',1);
plot(Vout4(5,:)-0.1,'m', 'LineWidth',1);
plot(Vout4(10,:)-0.1,'c' ,'LineWidth',1);
hold off
傍%
傍傍兎儝儬処%
%
% ----------------------------------------------------------------- 
%
傍儏儧儬償儧儬ゎᯒ働➨ ❶僔儳兠儹儺兎儧儜ᆺ 儗兗儴兠儣僸ィ⟬傿僱% 5 DC/DC
ᇛᡤ傍ோ傍傍 傍%                                2014/Jan
%-----------------------------------------------------------------
L  =180e-6
C1 =220e-6
C2 =220e-6
rs = 0.1
R  = 1e2
rl = 0.3
re1 = 0.06
re2 = 0.16
rsl = 0.03 % Lo On
rsh = 1e6
rsh = 0.03 % Hi On
rsl = 1e6
Cm=[C1 0; 0  C2];
Lm=[L];
Gm=[1/rsl  0  0  0   ; 0 1/rsh  0  0;...
     0     0  1/re1 0; 0   0    0  1/rl];
Rm=[rs 0 0; 0 re2  0; 0 0 R];
Vsm=[0  0  12]';
ntr_C =size(Cm,1);
ntr_G = size(Gm,1);
nln_L = size(Lm,1);
nln_R = size(Rm,1);
Qt=[ 1  -1   0   0; ...
     0   0  -1   0; ...
     1   0  -1  -1; ...
     0   0  -1  -1; ...
     1  -1   0   0; ...
     -1  0   0   0];
 QCL =Qt(1:ntr_C, 1:nln_L);
 QCR =Qt(1:ntr_C, nln_L+1:nln_L+nln_R);
 QGL =Qt(ntr_C+1:ntr_C+ntr_G, 1:nln_L);
 QGR =Qt(ntr_C+1:ntr_C+ntr_G, nln_L+1:nln_L+nln_R);
Bl=[ -1  0  -1  0  -1  1; ...
      1  0   0  0   1  0; ...
      0  1   1  1   0  0; ...
      0  0   1  1   0  0];
  
BLC =Bl(1:nln_L, 1:ntr_C);
BLG =Bl(1:nln_L, ntr_C+(1:ntr_G));
BRC =Bl(nln_L+(1:nln_R), 1:ntr_C);
BRG =Bl(nln_L+(1:nln_R), ntr_C+(1:ntr_G));
Ginv=inv(Gm);
Rinv=inv(Rm);
Req=Rm - BRG*Ginv*QGR
Geq=Gm - QGR*Rinv*BRG
  
ReqInv=inv(Req);
GeqInv=inv(Geq);
A11 = QCR*ReqInv*BRC
A12 =-QCL - QCR*ReqInv*BRG*Ginv*QGL
A22 = BLG*GeqInv*QGL
A21 =-BLC-BLG*GeqInv*QGR*Rinv*BRC
b11 = -eye(2,2);
b12 =-QCR*ReqInv*BRG*Ginv;
b13 = [0 0]'
b14 = QCR*ReqInv;
b21 = zeros(1,2)
b22 = BLG*GeqInv
b23 =-[0]
b24 =-BLG*GeqInv*QGR*Rinv;
B=[b11 b12 b13 b14; b21 b22 b23 b24]
M=[Cm zeros(2,1); zeros(1,2)  Lm]
A=M\[A11 A12;A21 A22]
M=[Lm zeros(1,2); zeros(2,1) Cm]
A=M\[A22 A21; A12 A11]
     
     
    
傍% -----------------------------------------------------------------
傍傍兎儝儬% 5
% ----------------------------------------------------------------- 
傍 ἲ僔Ᏻᐃ㡿ᇦ僸儻兑儧儬傿僱% Adams-Bashforth
%
ᇛᡤ傍ோ傍傍 傍%                                2014/Jan
%------------------------------------------------------------------
PlotNum=300;
th=[1:PlotNum]*2*pi/PlotNum
i=sqrt(-1);
zeta=exp(i*th);
zeta_i=1./zeta
dem= 1 - zeta_i;
p1 = (zeta -1);
p2 = (zeta -1)./(1+(dem.^1)/2);
p3 = (zeta -1)./(1+(dem.^1)/2 +(dem.^2)*5/12 );
p4 = (zeta -1)./(1+(dem.^1)/2 +(dem.^2)*5/12 + (dem.^3)*3/8 );
p5 = (zeta -1)./(1+(dem.^1)/2 +(dem.^2)*5/12 + (dem.^3)*3/8 + (dem.^4)*251/720);
hold on
    
plot(p1,'r');
plot(p2,'b');
plot(p3,'g');
plot(p4,'c');
plot(p5,'m');
傍% -----------------------------------------------------------------
傍傍兎儝儬% 6
% ----------------------------------------------------------------- 
傍 ἲ僔Ᏻᐃ㡿ᇦ僸儻兑儧儬傿僱% Adams-Moulton
%
ᇛᡤ傍ோ傍傍 傍%                                2014/Jan
%------------------------------------------------------------------
PlotNum=300;
th=[1:PlotNum]*2*pi/PlotNum
i=sqrt(-1);
zeta=exp(i*th);
zeta_i=1./zeta
dem= 1 - zeta_i;
p1 = (1-zeta_i);
p2 = (1-zeta_i)./(1-(dem.^1)/2);
p3 = (1-zeta_i)./(1-(dem.^1)/2 -(dem.^2)/12 );
p4 = (1-zeta_i)./(1-(dem.^1)/2 -(dem.^2)/12 -(dem.^3)/24 );
p5 = (1-zeta_i)./(1-(dem.^1)/2 -(dem.^2)/12 -(dem.^3)/24 - (dem.^4)*19/720);
p6 = (1-zeta_i)./(1-(dem.^1)/2 -(dem.^2)/12 -(dem.^3)/24 - (dem.^4)*19/720 - (dem.^5)*3/160);
hold on
    
plot(p1,'r');
%plot(p2,'b');
plot(p3,'g');
plot(p4,'c');
plot(p5,'m');
plot(p6,'k');
傍% -----------------------------------------------------------------
傍傍兎儝儬% 7
% ----------------------------------------------------------------- 
傍 ἲ僔Ᏻᐃ㡿ᇦ僸儻兑儧儬傿僱% Backward Differentiation formula
%
ᇛᡤ傍ோ傍傍 傍%                                2014/Jan
%-----------------------------------------------------------------
PlotNum=300;
th=[1:PlotNum]*2*pi/PlotNum
i=sqrt(-1);
p1 = (1-exp(-i*th));
p2 = (1-exp(-i*th)).^2;
p3 = (1-exp(-i*th)).^3;
p4 = (1-exp(-i*th)).^4;
p5 = (1-exp(-i*th)).^5;
p6 = (1-exp(-i*th)).^6;
hold on
    
plot(p1,'r');
plot(p1+p2/2,'b');
plot(p1+p2/2+p3/3,'g');
plot(p1+p2/2+p3/3+p4/4,'c');
plot(p1+p2/2+p3/3+p4/4+p5/5,'m');
plot(p1+p2/2+p3/3+p4/4+p5/5+p6/6,'k');
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